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ABSTRACT

The results of an extensive experimental program on
the stabi'ity of cyliadrical and conical shells under various
loading conditions are present:zd and discussed. lLoading
conditiona for both cylinders and cones include axial com-
pression, axia’ compressionwith iaternal or externalpras-
eure, bending with and without internal Zressure, axial
comprassion combined with both bending and internal pres-
sure, and a limited amount of data on torsion of conical
shells, Where feasible, values suitable for design are
recommendedand areas needing additional theoretical and
sxperimental study are indicated.
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1. INTRODUCTION

Although many theoretical and experimental investigations have been
carried out cn the buckling of cylindrical and conical shells, understanding
of the phenomena is far from complete. Results which differ between
invesiigators, insufficient nurmnbers of specimens to obtain a measure of
the validity of the experumental data, and limitations in the ranges of the
parameters studied have in many instances led to inconclusive results.
Over the past two years the Engineering Mechanics Department of the
Space Technology Laboratories has engaged in a program to obtain a com-
prehensive set of experimental daia under carefully controlled conditions
and has attempted to correlate thene data with existing thecry end experi-
mental results of othei investigators. The progra.u has al4o included
combined loadings and specimen configurations not previously investigated.
4« wide range or cylindrical and conical parameters wers considered, and
axia' compression, internal and external rressures, bending, torsion,

and a number of combined load conditions w .- @ studied.

TLis {inal vreport under Ccntract AF 04(647)-619 ie intended to be self-
contained. Data presented in semiannual repourt~ have been revised in the
light f more recent information and supplemcnted with material either

omitted previously or newly obtained.

It is ..oped that the results of this study, maay of which were
uriexpacted, will stimulate the interest cf others to rngage in the many
theorst:ical large-deflection analyses needed to explain the various pheno-
mcna and in the sdditicna. experimertal work needed to complement and

sx.end the range of paramete s considered.

.
L~y
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Axial compression load coefficient
(——7—’;2— for cones or —p—z for cylinden\
2TEt” cos” a Z¥Et /

Axial compression buckling coefficient suggested
by Kanemitsu and Nojima, including length effect.

Bending moment coefficient

M £ M .
———y——y— for cones or ———y for cylinders
WEth cos a *ERt

av

3
Flexural ctiifness of shell wm( Et )
12{1 - v

Young's modulus of shell wall material
Axial length of cylinder or cone

Slant length of cone

Critical bending moment

Number of circumferential waves in  »ne buckled
under external pressure

Number of circumnferential waves in equivalent
cylinder buckled under exterral pressure

Total axial icad at buckling

Net axial compression load for pressurised
cylinders
2
(P'W - vpR )

Mipimum net axial compreaesion load {n buckied atate
Critical axial compreseion load

Uniform internal or extermal hydrostatic orassure
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NOMENCLATURE (Continued) _

p Internal pressure parameter
r Rl/con a 2 R 2
L% T for cones ox'E (T) for cylinders
Pep P Critical external pressure
] | —
P Internal pressure parameter ( 12 (1-v )p)
P, Critical external pressure for equivalent cylinder

. 1oy 573
P 3

R Cylinder radius
Rl Radius of small end of cone
Rz Radius of large end of cone
T Critical torgion moment
t Shell wall thickness
Ll
z Cylinder curvature paramuter V.‘ {1-v )]'E
s By
e Semivertex angle of cone L
a
cr R

or Critical load shortening pnumatcr(—-r— r)
¢/, Ratio of compressive strsin and classical buckling

ct strain
v Pcisson's ratio of wall material
4 Radiuve of curvature at small end of cone

it i - O E ! " I".’( .o \h. bt Y

e o - R S
E - ' N AR R
47 ¥ .a a 7 L. A : aa VL altas seal
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TUAENCLATULE (Cusctinued)

R, +R,"
Py Average radius of curvature of cons \
2 cos o )

*
P Radius of curvature of equivzlent cylinder for torsion
. cr
7.9, Critical average compressive nrcu(m)
cb.cb' Maximum compressive stress due to bending
. . ) )
LT 4 Theoretical compressive buckling ltrou( t)
cl’’e V- ) X

Stress coefficient at proportional limit of material
Y prop limit
E t'm

« Maximum critical bending stress

'prop limit

max. \ |
(-—%— for cylinders or M for cones ) ;
Rt 'Rl tcose
1
 ain Minimum axial compreseive siress in buckled state
v
me Minimum =xial compressive streses coefficent (.;EF)
¥
. . '
T Critic - toreion strees at small ead of cone | ~— =y~
max \hnl t/ =

AL Total end shorteming st buckiing

Comne geametry parameter (Vlul -V )—‘r— co()'
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PROPERTIES GF MYLAR

i1l

Most of the cylinders and conical shells used in the experimental
program were constructed of Type A Dupont Mylar Polyester Filra.
Mylar is made by a random calendering process and, according to the
manufacturer, has very nearly isotropic mechanical properties. The
material has been found to have a proportional limit of about 6000 psi, a
yield stress of about 11,000 psi, und a Young's Modulus in the neighbor-
hood of 700,000 psi. What makes Mylar so attractive for investigations
of this kind is the large amount of strain that it can withstand without
cicessive permanent set, which permits specimens to be reused many
times. For instance, the yield strain for Mylar is on the order of 1.5
percent as compared (> values of 0. 7 percent or 'css for rnost of the struc-
tural metals. Res stance to the use of plastic models in experimental
investigations of shell stability problems has been expressed in the past,
but the use of Mylar for these programs appears to be increasing. Com-
parison of the present rasults {or Mylar ipscimens with those for speci-
ments of ateel, aluminum, and brass should be convincing proof that
Myiar has its place in the lis: of materials for shell investigatians.
Equally true is the fact that Mylar has its limitations in that it is too
elastic to give applicable results for - ases . -rhich tae strvse-state prior
to buckling is plastic for metal specimens or in investigations ol post-
buckling phenomena which would induce plastic effects in mstal specimens..
But then, the results for any matarial should be used with cautior. i
these cases since they are undcubtedly applicable only to that particular
material.

A. Thickness Variation

Ar invastigation wae rmade early in the course of the program
to determine the variation of Mylar sheet from neminal thickness. Mrips
were cut from rolls of different thicknsss and measured at about 10 places
in each strip. T.e normal variatiem of thickness was found to fall well
within the limira statad by the manufacturer e shown in Table .
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. Table 1. Normal Variation of Mylar Thickness,
. Nominal o Average
Gage Thickness Variation Thickness
{mils) {inch) {inch)
M 2 0.C017 - 0.0023 0. 0020
0.0026 - 0.0034 0. 0030
0.0043 - 0.0057 0. 0050
. 1.5 0.0069 - 0.0085 0, 0075
. 10 0.0089 - C.0112 0. 0101
Y \ J

- B. Modulus of Elasticity

The modulus of elasticity of Mylar appears to vary about 49
percent about a mean value of 735, 000 psei for all thicknessas.
The modulue has been found to vary from roll to roll of ostensibly
identical material and frorn location to locltio; in any particular roll,
. The approximate variation found for the different material gages used
is listeu in Table 2.

Table 2. Variation of Young's Modulus. {

wayw | Range of Young's Mudulus
4 (mlle) (ki)
L]
- 2 730 - 760
3 %0 - 810
720 - 750
7.5 160 - 820
10 680 - 740

\\\ﬂ‘ ~..d . ’ - N
L L. ‘ " " . 1Y A . -
'xohf‘:ﬂaer'_\.‘, i “Cewd .. Lo

- BB A Y Cgey o e M T RN A e = - -
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investigatior. has shown that the Young'e modulus is relatively
independent of aging or working of the material, eincz both newly vecei-ed
matorial and materia! which had been tested and stored for three months
yielded rosults within the normal range of scatter. Similariy, the moduli
of material cut parallel and perpsndicular to the rolling directicn feil
within the same scatterbaud, Tests also indicats that the modulus is
insensitive to normal variations of straiv rate,

It was decided, as the program progressed, that it would be bost
to measure the modulue of elasticity of each specimen. Standard tensile
specimoens, 6 inches in length and 1/2 inch in width, were cut from tb~
tosted cones and cylinders and clamped in a Riehle testing machi-e. A .
spring loaded 2 inch gage lenyth extensometer was then rla~.pad %o the
Mylar specimen. A continuous load-deflection outpu' ras reas’ on the
Riehle X-Y plotter. The results of these tests »-e g!vcn with the tab Jated
experimental data. A typical load-strain ~ .cve is shown in Figux-: 4.

C. Poiason's Ratio

It i~ difficult to ob*.in Foisson's ratio for Mylar, since straia
gages do not bond rca'.'.i"‘, to the matérial and siace the, stifinass of the
matezis! »slative *. the strain gage mzkes the xesuits of dubicus valiiit:. :
Some %~ .»*. made using strain gages indicated a value of Priguci‘s 1719/

/

-

e

of apprr amately 0.3, .
/s
Another method ylelded similar resuliz, Small £ratiiey sred
Mylar plates :aeasuring 0.9 by 1.8 inches wese vihrated o b r¢soaant

frequencies. A frequency generator and zmplifier ws  conns: ¥ %
shaker uuhg an elsctronic counter to gyive accuras. t‘requnc PINSO.
menis. A scnsitive microphone pléced above *v Myler placs - L tined
tie frequency accurctely (s2> ¥igure 2 or ¢ tout sotup). BRI
consisted of vazying the fre3ency input ¥ be zhaker usiiz ».Q‘ T
third resonsnt frequenciss {see F;‘uro 3 and 4) ware picked @, ¢ im0

microphone and rec<xded, The ampitude of vibrsation could bc DR LB 1
emzll, tharaby reduct:g the damyag offect of the sarrowry g u: - :ixs
equation fer detzrrmiaing K/ (i *v’,lz 1e given in Reference @ \s

1
k
&
\
3
.

Best Available Copy
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. a2 L 4
-—-—'[-5—2- = --z—,'.’ :LE—., l‘) “)
l -V L ~
whaere /
f= wos » «7=d resonant frequency
p = , ~ass denalty
i
a r;‘f «:ngth of cantilever plate
e
t)‘;".-- thickness of cantilever platr
T e 3. 472 (first mode)
R ® 7 121, 51 (thiré mode)
The aver: ;2> velue of B/(1 = v'?'), obtaine s frow: tez:s 5~ all thicknesses ékng.eg
of hivisr v acai, was 805,000 psi, U..ng an aver2ge value of §
E =735.0.0 ;5! as determined frr a static ‘ustc oisson's ratio of éio of
Mylar ce thon be computed «ur f
v0.3 , @ ¢ @)
This valt : <. Poissor s ratio for Mylar sheet was used for all calculations ‘%ncmum

in thi" e rs,
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Figure 3. First Made of Vibratiea Fignre 4. Third Medz I Yikration
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IV.  SPECIMEN PREPARATION AND TEET EQUIPMENT

Fabrication and testing techniques and the testing equipment varied
as experience was gained. The principal fabrication procedures and
equipment used are outlined in the following sections., Topics of interest
in the testing procedure are discussed in the sections devoted to the sepa-

rate load conditions.

A. Fabrication Techni que

Specimens were made by cutting accurately developed cones
and cylinders from the Mylar sheet, allowing 1/2 inch on the top and a
minimum of 3/4 inch on the bottom for clamping and 3/4-inch overlap
{1-1/4 inch ior unpressurized cones and cylinders in axial compression)
for the longitudinal seam. All the cones were made with the same hase
radius to reduce the number of base clamping fixtures needed. The
developed cone was then wrapped firmly about a conical wooden mandrel.
A lz2p joint fastened with double~backed adhesive cellophane tape was used
for t%: .cngitudinal seam. Xor tests invaolving inte:rrnal pressure, the
bcading naterial was changed tc Ferohond, an epoxy cement, after experi-
mentation with various bonding agents. This was used for cylinderw and
cones Laving a wall thickness of 0. 005 inch or greater, which required
thc u.. S l=rger values of internal pressure than couvid ke withstood by
the cellopkane izgs - -ithcut excessive creep. Although the thin Mylar
=Yoot 13 quite flexible, the use of carafully laid out patterns and conical
assembl; mandrels made it possible to obtain specimens that were dimen-
sionally accurate and relatively free of initial wrinkles or bulges. The
specimens were stored on the mandrels while waiting to be tested (see
Figure 5). Steel specimens, scarn weided and spun, wers obtained from

an outside source, -

B. Preparation for Testing

For the unpressurized axial compression or external pressure
tests, plastic clamps were used tc hold the cylinder 2nd couc specimens,
The clamping fixture for the cylindere wus a cylindrical plug, or and

Best Available Copy
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plate, that fitted snugi. :nto the ends of the cvlinder. The portion of the
plug that extended intc the cylirder was one-half inch long. To ersure
that the ends of the cylinder bore nniformly agdinst the shoulder, the ends
were lapped on emery cloth, squared accurately, and fit checked when the
specimen was assembled. Thke outer cylinder clamp shown in Figure 6
was discarded after it was found that its umg induced end wrinkling which
led to premature failure of the specimens. The test results were not
significantly diiferent from those obtained from mcre rigidly clamped

specimens.

The inner and cuter clamps for the conical specimens are also
shown in Figure 6. Matching faces »f these clamps were accurately
machined to provide uniferm clamping around the cdges of the cone. A

clamped specimen is shown in Figure 7(a).

In later testrs, primarily those involving iiiernal pressure
sn?/or bending. the pladrtid clamping fixtures were replaced by machined
metal and plates ~cntaining a circular trough. The end of each specimen
was placed in this trough which was then filled with moiten Cerrcbend, a
low melting point alloy. After the Cerrobend had hardened, the specimen
was turned over and the cther end cast into the corresponding end plate.
The ends of the specimens were prevented frorm pulling out o. the end
plates at high pressures cr in bending by the use of punched holes and
staples around the specimen circumference. In still later tests the Cerro-
bend was replaced by Cerrolow, an alloy with different thermal expansion
characteristics. A specimen cast into metal end plates is shown in
Figure 7(b). '

A procedurs similar to that described above was used in pre-
paring the stecl specimens for tealing. In this case a stronger casting
‘alloy, Cerromatrix, was used.

. Test Zquipment

The Mylar cones and some of the cylinders testel under axial
compression and internal or external pressurc were loaded in the test

Best Available Copy
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fixture shown in Figure 7(a). (See Section VI fur test setup for pressurir~d
cylinders in axial compression,) The specimen was loaded in axial com-
pressionby tightening the ioading screw, which transmitted the load through

a ball joint into the load cell and thence intothe specimenthrough a spherical
ball placed on top of the ciamping fixture. Internal pressure war provided
by compressed air, while external pressure was obtained by evacuating

the intericr of the cylindérs and cones by means of a vacuum pump. For
steel cones and cylinders a Baldwin Universal Testing Machine was sub-
stituted.

\ Mylar cones tested in bending were loaded in the test fixture
shown in Figure 8. Egqual and cppoeite loads were applied through load )
celiy at the ends of the loading beam attached to the upper plate. The 4 . ¢
weight of both the loading beam and the end plate were counterbalanced.
A cable attached to the top plate passing through the specimen was used
to apply axiali compression. A similar, but stitfer, test setup was used

for steel cones and cylinders.

The samx typs of test fixture used for iiiv bonding tests was
usec 1or the steel specimern torsion teste. Thae <uly change mace was to
rotate the lozding point 90 degrees, so that torsion could be applied

instead of bending muomaent. The test setup for steel cones and cylinders

A

{s shown in Figure 9. '
D. Instrumentation

All axial loads were determined by S2atham untonded stralu- -

gage load calle.  Five load cells ‘vere used for the tests: these covered
the load ranges of 0 to 10 pouncs, 0 to 25 pounde, 0 to 150 poumds, O to
309 pounds, and 0 to :000 pounds. The load cell reading is accurate to
within 0. ] percent cof full scale reading. Internal preasurs measurements
were determined by Statham sirain gags pressure traneducers and mamom-

sters. Four pressurs transducers were used for the tests; these covered
the ranges of 0 to 1 pai, 0 to 5 pel, 0 to 10 pel, and 0 to 20 psi. The
pressure transducer is ac  rats o within 0. ] percent of Irl) scale reading.
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The output of the Statham cells was read either ocn a Baldwir SR-4 type

N_ strain indicator ¢r on a Mosely X- Y plotter Model S-2. The X-Y pl't;tter
was used when load-deflection curvea were desired. Deflection meagure-
ments were obtained by means of a Coilins integrated differential trans-
}\n‘mer. The instrument has a %1 inch stroke with an accuracy of

1 percent for full scale deflection.

The small critical extofnal pressure for the Mylar specimens
was measiured on an alcohol-kerosene manorneter shown in Figure 10.
The alcohol and kerosen: do not mix and can be made to have the same
" density by adding water to the alcohol. Food coloring was also added to
the alcohol to provide a sharp dividing lins batweon the two fluids. The
pressure multipiicatinn factor obtained with the use of this manomster is
proportional to’the ratio of the area of the tank and that of the manomaeter
tube, but was obtained more accurately by calibrating the 50-iach full
scale movement of the menircus against the reading of a water manometer.
For ateer conems and cylinders, a water manometer was used, since the

presgurcs involved were on the order of 40 times those for the Mylar

speciinens.
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Figure 6. haer and Outer Plastic End Clampe
for Mylar Specimens
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®) Camical Specimen Cast into Metal Clamping Fixture

Figure 7. Methods of Clamping
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Test Sotup for Cylinders and Cones in Beading

Figere 8.
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Toot Setup for Moel Cenes and Cylindars in Tersion

Nmure 9.
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Figure 10. Alcshal-Narasene Manometer Used to Measure
Smmall Differences of Prersare.
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V. CYLINDERS AND TRUNCATED CONES UNDER AXIAL

COMPRESSION

The stability of cylinders under axial compression is a problem that
has been studicd both theoretically and experimentzlly by many investiga-
torn.* Intense intercst was initially generated by serious disagreei=ont
hetwean experimental data and the results predict=d by small deflection
theories of buckling, a disagreement not encountsred previously with
regard to columns and plates. Theoretical investigations of the post-
buckling behavior of cylindrical shelis (References 2, 3, and 4) revealed
that the problem differed from the buckling of columns and plates in that
neighbcring equilibrium states were unstable, i, e., deformatione could
occur with a decreane in applied load. It was also found that the load
carrying capacity of cylinders was extremely sensitive to initial imper-
fections of the order of a fraction of the wall thickness, which fact has
since found acceptance as an explanation of the discrepancy between theory
and erperiment. More recently, additional factors, such as nonuniformity
of loading around the shell circumference (Reference 5), and nuclei of
plastic strain (Reference 6), * ve been suggested to sxplain the large
amount of scatter intest results. The original purpose oi the test pro-
gram was to investigate the load carrying capacity of conical shells alone.
Since the scatter of the axial compression results of other investigations
was #0 large for cylinders, however, it was decided that a pllot program
of cylinder tests would be nocessary to yleld comparable data as a check
on the cone resuits ani ss & basie {or obtaining a design criterion for
conical shells postulated on the existence of an equivalent cylinder. The
cylinder investigation soon outgrow the pilot program stage, however, ae
many factors not mentioned before in the literature intruded and demanded
study. The netresultd of these studieg which attempt to bring some order
to the study of cylindrical shelle in compression, also managse to
inject more unknown factors into the problem.

For a much mére compirshensive survey see the reviow paper "instability
of Thin Llastic Shells,"” by Y. C. Fung and E. K. Sechlar in Brucivral
Mechaics (Pergamon Press, 1940).

-
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The controversy surrounding the desiga of cylindrical shells has not
yvet been fully extend=d to conical shells, since serious study of “hese
structures began only a few years ago. In the preseni report, the results
of the axiai compression test program carried out for conical shells of
various geometries are given and recommendations made for their design.
It is obvious that, as the number of conical shell tests grows, the contro-
versial aspects of design may exceed those associated with cylinders, if
only because the conical shape permits another degree of treedom to the

variablas to ba considered.

A. Test Technique

The Mylar coues and cylinders were assembled in the clamping
fixtures with the botiom clainp resting on the base of the loading device,
A circuylar plate with a hole in its center was then centrally placed on the
cone with a ateel ball resting in the hole. The load cell attached to the
loading screw was then placed on top of the steel ball and the cone shifted
until the load cel! was vertical. The assembled specimen was then loaded
ir. axiul compression by turning the load screw at a relatively ccastant rarve.
The load was increased until failure occurred. Fallure of the specimen
was usually quite sudden, with diamond shapse buckles snapping into
position.

On some tests a sniall dimple appeared next to the seam and
groew as the load was increased until the cone collapsed at a very low load,
The addition of ecotch tape to the seam or an increase in the seam width
elirninated this type of failure and consequently increased the buckling
load. After each failure the buckle dimmensions. buckling load, and the
extant of the buckles around th~ circumference of the cone ware recorded.
The Mylar spacimers have the ehility io recover complately after baing
buckied, presumably because the cone remaivs elastic in the post-buckling
state. Therefore it was possible to psrform several teets on ons come.

The first axial compression test an every cona was done with
the steel ball and loading plate certrally located. At buckling, the locatiun
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of the first buckle. was recorded. Ir the second compreasion test of the
cone. the loading plate and steel ball was moved, or a line with the center
of the cone, awaviron where the first buckie appeared, This procedure
was continued until a maximum compressive load was obtained. It was
telt that this procedure eliminated most ot the effects of eccentricity of

loading.

Steel specimens were fixed 1n the Cerromatrix upper and lower
clamps and then placed in the Baldwin Universal Testing Machire. A
swivel top plate was placed in the Baldwin Test machine 8o the to.p clamnp-
ing plate and the loading plate could align themselves. A compressive
load was thern exerted or the specimen until buckling occurred, Failure
was usually quite sudden. *:*hdia ncud shape buckles snapping into posi-
t1or.  Premature dimpling due to imperfect seams was eliminated by the
addition ot a 1-1/2-inch shim strap attached with an »poxy cement along
the seem After failure, the buckiing load and buckle sizes were
recorded., When the load was veleased, the buckles disappeared from
the steel specimens witk large Rt values. These spescimens were
examined closely and ro evidence of plastic deformation was noticed,
Wher the specimens were retested, however. the second buckling load
was always much lower than the first. A qualitative explanition of this
phenomena is given in Reference 6. During the initial compressica test
on the shell. failure occurred at some stress level and was initiated at
that stress level by some initial imperfection of the shell. The failure
took the form of a diamond shaped buckie pattern around the circumfer-
ence of the shell, The sheli supported a load after failure, and thic load
wag carr:=d in the crests of tf:e buckles with the points of highesat stress
occurring at the junction of adjacent buckles. At these points the stross
was above the yield stress, and microscopic plastic deformations
occurred, —Evidently these microscopic plastic deformations have agreater
effect than the initial impcrfections that were built into the shell since, in
the next test, failure was initiated at these points of highcet stress
concentration at a lower stress level, with the points of maximum dei:..c-
tion of the new diamond pattern at the same lozation ae the node poirts of

the first,

Best Available Gopy -
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Figure 11 shows the buckle patterz cf the second test for a Mylar
cone. The dots at the center of the diamonds mark the location of previous
node points. The new node points are marked with an "X." It can be seen
that the node points of the first test coincide with the centers of the new set
of buckles. This behavior occurs in metal specirnens as well as Mylar
specimens. For Mylar, however, the degree of plastic deformation is
leas than for metals and the buckiing load is not affacted.

B. Resuits for Cylinders

The experimental data obtained during the course of the pregent
program are listed in pari (a) of Tabls 3 and in Table 4. These data have
been collected from the results for axial compression aione and from the
endpoinis obtained in the investigations of axia! compression combined
with internal pressure, exterral pressure, o bending. They are therefore
associated with a multiplicity of loading devices, end fixtures, and testing
techniques. The reaults are plotted in Figure 12 (the circles) in the form
of valuce of the buckling coefficient P/Z'Etz or C as a function of radiue-
thickness 1atio R/t. The buckling coefficient is xnother form, suitable
primar:iy for conical shells, of the mors usual ¥eo/E t/r which is based
on theoretical considerations (see Reference 7). The length-radiue ratio
L/R in most of the tests was either 1 or 2. There is inedffi..ent differ-
ence between the test results for each value of L/R to warrant separate
plots. -

The results indicate a trend similar to that obtained by other investi-
gators, in that the buckling coefficient appeare to vary with radius-thickneas
ratio. A study ofthe data inthe iiterature (Referencee § to2)) indicated
moet of the experimental results fell withinor nesr the zcatterband cShtalned
in the present .rogram and, hence, that a discruminating chuice of data
might permit some conclusions to bedrawn for design purposes. Thecholce
of data wao guided by several considerations. First of these was the comclu-
sion that the effect of length could not be readily disceraed if the length-radive
ratio was within the runge from 0.5to approximately 3, for 'vhich moil W the
dataapplies. A length effect exists for cylinders with values of L/R less than
0.5, but there {s inrufficient data to {inally eatablish design values. Fc: vuluee
of L/R greater than 5 the few data points available indicate that there
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might be a 'ength effect, but again there is insufficient data to establish
any irends. Investigatione yielding buckling coefficients consistently lower
than the present results were omitted entirely, on the premise that fabri-
cation methods and testing technique were significantly inferior. Those
test results in which the critical strese was greater than about 70 percent
of the yield stress were likewise omitted. The resulting data are also

plotied in Figure 12.

The entire group of data is reasonaby consistent, despite the
large amount of scatter. The reiation suggested by Kanemitsu and Nojima

for long cylinders 0.6
C -9 (%) (n

can be seen to be a goad lower bound to the data for the range R/t greater
than 500. For lower values of R/t the equation becomes increasingly
unconaervative. An alternate relation that appears to give a good lower
bound over the entire range of R/t tested is al:o shown and is represented

Yy the ecuation

(l | ‘ #
C = 0.606 - ). 546 - e ) ! (4)
A representation of this form is later shown to yleid a good lower bound

to the Jcta obtained for bending as well.

Tae data obtained thus far indicates that the radius-thicknese
ratio is 2 significant parameter indicative of the trend of the results. Tae
scatter assoclated with any particular value of radius-thickness ratio shows,
hMowever, tha' the radius-thirkness ratio repressntation disguises impor-
tart factors. [t has beex suggestod that the scatter can be explained by
assuming different magnitudes of initial imperfections for various speci-
mests., This explanation serves for the szatter ndtalned in the preasent

program for ostenscibly identical specimens made by a single in‘ti~‘dual
and testad under eimilar conditions, asnce tha {uitlal imperfectione would
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we expected to occur with some statistical disiiibution. However, cheer-
variona made in the course of testing indicate thct the statistical sample

can be biased.

It was observed, for instance, that many of the lower points of
the scatterband are associated with earlier phases of the test program
and that test resuits obtained it a considerably later date would yield a
higher rnean level. TLus ihe es:perience ani competence of the fabricator
&and experimentalist should be taken into consideration. Another factor
which evidently influencer the resulis is the wall stiffness ur sise of the
- . specimen, in that specimens aitempted with Mylar gages of 2.001 inch and
0.002 inch were exceedingly hard to hand'e without introducing +rinkles.
Additiona) factore were ui'served as well. In many ur the tests of the
present prnogram, the potting material used was the low melting point
alloy, Cerrobend, in others, Cerrolow was used. The main difference
betwesr. these alloys is their thermal expansion characteristics. Cerro-
bend expz ide while cooling, whereas Cerrolow contracts a much smaller
amuount whil+ cooliag. It was found that those tests conducted with Cerro-
low gave results that were consistently higher than those obtained with
Cerrobend (see alsco Section VI). One would assume, then, that the bulg-
ing of the ends of the cylinde- walls is an important paramute:  Finally
it was also observed, ho*h in the present tests and from a study of the
data in the literature, that roeults obtained when the nomninal strecs level
was on the order of 70 percent oi he yield stress or greute: yield. . (ou
sistently iow buckling coefficients. This eifect can alsc be traced to end
conditions, since it can be show/n that yielding of the restrained ends Adue
to bending would start at about tnia levei. (806 Section V1 {cr additionai
discussion.,) With a'l of these factors irfluencing the results, it ia
interesting to note, howvwver, that the iower bourd of the varicus test
resalts is reasonably consistent, indicating *hat there is & practical lower
limit to the combined effects of all nf the parameteri influsncing the r. c ilte.
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There remain several areas of importance to the designer that are
yet to be explored in great detail. The effect of length given by ihe

Kanemitsu-Nojima formula

.6 .3

* t 0 t 0
C =9 (Tf) +0.16 (T.) (5)
is based on insufficient test data, There are indications that the length
effect may not die out so rapidly as the formula supposes. Certainly,
with long specimens it would be expected that the probability of initial
imperfections would be larger than for short specimens. Another phenom-
enon opon to investigction is the fact that resulte = the low range of radius-
thickness ratios are undoubtedly a function of the particular material used,

since plasticity etfects become of importance there.

]
C.. Resulte for Conical Shells

The theoretica) analysis of Reference 24 yields the critical
axial ivad coefficient for conical shells as a modified form of the rasult

for cylinderas, namely

c. P 1

Z'Etz co-zn V)“ oy 1)

16)

It was also suggestes in Reference 24 that the buckling load coefficient
C for conical shells might be similar to that for an squivalent cylinder
having the same wall chickness, a length equal to the slamt length v! the
conc, and a radius equal to the averags radius of curvature of the cone,
The specimecas were designed to investigate this hypothesis.

The results of the variou: teets are given in Tahles 3} and 4 in
the form of values of Pllvtezcolza. In several preliminary acalyces

L 3
Part of the experimental results of this section are presentsd in the paper
" Buckiing of Conicel Sheils Uader Axial Coinpression® by 8ol iatwak
(M.S. Thes.., 'UCLA, May 1960).
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of the data (References 25 and 26) attempts ware made to verify the above
hypothesis, with inconclusive results. The data for cones appea.ad to be
consistently higher thar those for cylinders. It has since been determined
that if the equivalent cylinder is assumed to hzve a radius equal to the
small radius of curvature of the cone, much better agreement is obiained.
This conclusion was reached by a comparison of the results for totn the
cones and the -cylindorl with results predicted by the Kanemitsu-Nojima
equation for C‘. Equation {3). A comparison of tke values of c/ C. for
cylinders and cones, given in the last column of Tables 3 and 4, indicates -
that the scatterband for both is similar. The izpcrlmontll values for
cones are compared with the lower bound curve for cylinders io Figure 13,
where it can be seen t at the agreement is fair. It should be noted that
many of the high pointa correspond to cones having length small radius of
curvature ratios less than 0.5.

It is surprising that the emall radius of curvature should be
significant, rather than the average radius of curvature, since buckle
putterns ofconical shells (sce Figure 14) show that buckles do not particu-

larly predominate near the top of the specimen. The answer to thic prob-

lem may lie i an examinution of the large deflections of conical shells,
which is unavailable at present. Tae findings of the present “aper
contradiét those to Referince 27, where the large rarius of curva-

ture was recammended for the squivalent cylinder. However, the edge
conditions of the tests reported thersin were such as to readar the ree its
invalid for conical shells attached to end plates or stiffened by ead riage.

Some areas for futurs study cas be suggested. I is lihe’; thet
the acquisition of more data will suggest buttur parameters than 1 ,'l
and " /t and will point up poasible diffsrences in the buskilng of comes
and cylindars. R would be of {mterest in futwre superimeatl investigations
to kaep the amail radive of the cons fined and vary the large radins vesdar
than vice versa, as in the present papsr. Large deflestien analyses are
also desirable, A rlus to the deformstien paticras of cn;cnl aballs
probably can be ebtained frem s study ol the developadble surfaces that
can bs derived from comizal shapes.
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Table 3. Experimental Data for Mylar Cones and
Cylinders Under Axial Compression

. -3 2 *

' E x 10 R/t L/R P/2xEt (of (o}
(in.) {psi)
(t)a= 0°

0.0050 750 800 2.5 0.214 1. 262
0. 0050 750 800 2.0 0. 187 1. 088
0.0050 750 800 2.0 0. 187 1. 088
0. 0050 750 800 2.0 0. 196 1. 141

0. 0049 748 816 2.0 0.173 1.019 -
0. 0050 134 800 2.0 0.213 1. 240
0. 0050 742 800 2.0 0. 343 1. 996
0. 0050 742 800 2,0 0. 26% 1. 566
0. 0050 729 800 2.0 0.282 1. 641
0. 0050 729 800 2.0 2.286 1. 665
0. 0050 739 800 2.0 0.261 1,519
0. 0050 739 800 2.0 0.268 1. 560
3. 9050 739 800 2.0 0.23 1. 362
0.3050 739 800 <. 0 0.238 1. 3508
0. 0050 732 800 2.0 0.241 1. 403
0. 0050 732 800 2.0 0. 247 1. 438
0.005%0 738 800 2.0 0. 255 1. 484
0. 0050 748 800 2.0 0. 340 i.978
. 0. 0050 748 800 2.0 0.298 1. 734
0. 00%¢ 729 800 2.0 0. 298 1. 74
0. 0050 729 800 2.0 0. 362 1. 524
0. 0050 750 800 2.0 C. 1866 0, 964
. C. 00%0 %0 800 1.0 0.1%9 0.861
0. 00%0 150 800 1.0 0.212 0. 148
0.00%0 71%0 300 1, 0. 0. 196 1.061
. G. 0050 7%0 800 1.0 0.212 1. 148
0. 00%0 7% 800 1.0 0. 122 1. 202
0. 00%0 780 600 é.0 0.271 10332
0. 0050 750 5vo0 .0 0.476 1. 387
0. 0031 750 8 1.0 0. 36§ o+
0. 00%0 750 600 1.0 0. sad 1. 333
¢ 0. M %0 400 3.0 0. 3008 1. 194
J. 0080 7% 400 2.0 0.38) 1.097
0.0C™ 750 49 1.0 0.274 1.001
. 0. 0080 750 400 10 0.7 ° i. 122
0. 0050 7% 200 2.0 0. 408 1, 044
- . 0. 00% 130 100 2.0 0. 31 0. 93}
. 0. W50 75 00 1.0 0. 36 [ 1)
‘ 0. 0080 7%0 200 1.0 0. 407 [ 0. 999

»
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Table 3. Coniiaced
: -3 I 2 .
(ins ) Ex 10 R/t L/R P/2wEt c/c
tipei) . \
i2)a =0°

s gt P P 2 e Pt s ot e DN N N N B DN o s b bt P N B BN 20 et e bt e B o b N




STL/TR-60-0000-19425
Page 30

Cunmtinaad

t
(in.)

0. 0098
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0u78
0.0075
G. 0075
0.G0Th
0.0075%
0.00%0
0. 0080
0.0080
0.007¢
0.0081
0.C081
0.0078
0.0079
0.0079
0.0079
0.0079
0.0079
0.0079
2.0079
0.001Y
u. 0079
0.007%
0.007Y
00 “”
0. 0079

MMNMMNMEENNNNIDODMNNENNAMNNNNNENNNNGS = o NNNN = - N
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Table 3. Continued
t E -3 . 2 *
r x 10 k/v L/R P/xEt c/C
tn.) (psi)
(a) a = 0°
0.0100 <90 400 e 0.2583 0.997
0.0100 t90 400 2 0. 320 1.241
0.0100 690 400 2 0.274 1.062
0.01:20 &an 400 2 0. 257 0.996
0.0100 690 400 A 0.272 1.054
¢.0100 690 400 2 0. 356 1. 380
0. 0096 690 417 2 0.332 1.318
0.01v0 67% 400 2 0.309 1. 197
0.0100 675 400 2 0.290 1. 124
0.v10¢ 680 400 2 0. 308 1. 194
0.01¢2 680 400 2 0. 297 1. 1%1
0.0100 719 400 ) 0.286 1.108
0.0'00 723 400 2 0. 311 1.206
0.9190 723 400 2 0. 298 1. 188
T 0.7100 739 400 2 G.311 1. 206
4 2. 0100 739 400 2 0.28% 1.108
J. 0100 710 400 2 0. 451 1. 748
9.0100 710 400 2 0.415% 1. 609
0. 019C 694 400 2 0. 35 1.41%
0.0100 694 4C0 2 0.292 L4
0.0100 716 400 2 0. 390 1.538
0.0100 716 400 2 0.3 1.207
0.010¢ 26 400 2 0. 301 1. 167
0.0160 726 400 2 0.299 1.199
0.0100 713 400 2 0. 447 1.733
€.0100 73 400 é 0. 409 1.586
0.6100 690 100 1 0.279 1.019
0.2:100 690 400 1 0.271 Q.99
0.0100 490 400 1 0.248 0.333
0.0100 690 400 1 0.344 .89
n,0100 690 400 1 0. 348 1,261
0.010¢ 690 400 1 0.368 1. 344
0.00°%} (A 1] 313 p | 0.9 1.203
0.01C0 690 300 2 0.326 | 1147
0.0100 (34 300 1 0. 318 0.98¢
0.0100 59 o 1 <. 381 1.119
0.7093 690 211 2 0. 368 .97
)
wt




Table 3. Coutinued

ang

- i i I
t Ex10 7' P ‘; P Ztmzco.z x
(in.) | (poi) . - l/'l ‘ 4 -
{b) a = 10°
L I
0.0100 | 690 | 402 1 1.629 i
0.0100. ' 490 i 402 | 1.629 |
0.0100 . 697 | 278 | 4.665
0.0100 ' 690 i 278 | 4.565 |
0.0100 | 690 . 278 ‘4.665
| 00100 | 690 | 278 |4.665 |
| 0.0050 & 750 | 556 | 4.665
| 0.0050 | 750 ' 556 4.665
0.0050 | 750 556 | 4.665
l 05550 | 750 ’ 556 : 4.668 |
0.0050 ; 750 | 556 : 4.665 .
0.0050 l 750 | 508 i5.685 |
0.0050 750 | SO8 . 5.685
0.0030 . 775 ! 1335 | 1.633 |
. ©.0030 775 1 1335 i 1.633 I,‘ -
| 0.0030 715 925 | 5.194
| 0.0030 775 1 925 :5.194 !
0.9030 775 925 | 4.665
0.0030 775 925 | 4.665 |
- gl
(c)a = 20°
0.0100 690 268 | 2.79 9.047
o.0100 690 268 | 2.73 1.030
9.0100 690 168 ' 2.73 1.011
0.0100 34.) | 268 12.73 0.908
0.0100 268 {2.13 . 0.912
0.0100 0 160 | 6.40 | 0.069
0.0100 690 160 | 6.40 0.8146
0.0100 690 160 | 6.0 0.176
0.008¢ 750 $36 |2.7) 1.382
0.0880 780 836 |32.13 1.714
g.nu 780 .3 |27y 1.7%
0880 754 836 |21 1.484
0.0080 730 836 2.73 1.93
0.0080 780 326 [6.40 | 1%
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Table 3. Continued

T - ; —_—
: -3 ! ! i ‘
. Ex 10 [ | 2 ' 2 2
() 1 (psi) 1/ j 7o, ' pfznErtcos crct!
" - ~
{(c)a = 20° ‘
10,0050 | 750 | 320 | 6.40 0.350 1.228 .
{ 0.0050 ;| 750 320 | 6.40 0.386 1.354/
0.0030 ' 775 | 1427 | .8 $.355 2.308
0.0030 | 775 . 1427 | 0.68 0.320 2.205 !
0.003C ' 775 893 | 2.713 0.290 1.831]
0.0730 © 775 - 893 | 2.73 0.257 1.523! (
0.0020 740 1340 | 2.73 0248 1.989
0.0020 | 740 1340 | 2.73 9.237 1.901
0.0020 | 740 800 | 6.40 0.293 1.776
0.0020 740 800 | 6.40 0.292 1.770 .

(73
(-]
o

{d)a =
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Table 3. Continued
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t
t Ex 1073 |p £ 1,
(in.) t/, /91 i P/avEts c/c*
(d)a
0.0030 937 0.311 1.965
0.0030 937 0.254 1.605
0.0030 937 0.379 2.430
0.0030 937 0.238 1.504
0.0030 937 0.230 1.454
0.0030 777 0.341 1.979
0.0030 M c.332 1.927
0.0020 1150 0.320 2.340
0.0020 1150 0.284 2.077
0.0020 850 0.282 1.766
{e) o
| 0.0100 211 0.394 1,085
) 9.0100 211 0.400 1.071
0.0100 211 0.394 1.059
0.0100 105 0.355 0.639
£.0100 105 0.383 | 0.689
0.0100 105 | 0.371 0.¢50
0.0100 105 5. 0.388 0.698
0.0100 105 , 5. 0.378 0.680
0.0050 1128 © 0. 0.355 1.440
0.0050 1120 | 0.249 0.350 1.350
0.0080 1128 | 0.348 0.399 1.588
0.0030 1128 | C.348 0.393 1.569
0.0030 434 | 2.300 0.381 1.541
0.0080 424 | 2,340 0.339 1.371
0.0080 212 | 5.670 0.361 0.998
0.0052 212 | 5.670 0,373 1.02¢
0.003¢0- 312 | 5.670 0.356 0.975
0.008¢ 212 | 5.670 0.363 0.994
0.0080 313 | 5.610 0.323 0.604
0.0000 1172 | 1.009 0.319 1.146
0.0030 1472 | 1.009 0.298 1.004
0.0930 702 | 2.381 0.397 1.616
0.0030 101 | 2.381 0.291 1.804
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Table 3. Concluded

T
: -3 0
. t Ex 10 P ! 5
CW : {in.) (psi) 1/l: [n/Pl : P/‘Z'rrEtzccu‘ C/c‘?
a i .
: {(2)a = 45°
&= )
| 0.0030 | 775 148 | 5.757 0.236 0.858!
20030 | 773 | M8 | 5157 0.215 0.792;
0.L030 | 775 348 | 5.757 0.260 0.957!
0.0030 ! 775 348 | 5.757 0.295 1.086;
0.0¢30 | 775 348 . 5.757 | 0.266 9,979}
, 0.0030 = 775 348 - 5,757 0.2%6 0.979:
‘ 0.0030 @ 775 348 | 5.757 0.292 [ 1.078)
0.0020 | 740 1702 | 1.767 0.226 © 2.020
0.9020 l 740 1192 | 1.767 0.220 t.%vj'
- if) a = 60°
—
g 6100 690 500 | 0.57 0.393 1.468
0 040¢ 690 200 | 1.34 0.375 1.196
' 0.0100 690 200 | 2.31 0.377 0.977
1 0.0100 690 . 200 | 2.31 0.405 1.0%0
, 0.0100 690 | 200 ! 2.3t 0.395 | 1.02¢
' 0.0075 770 1067 ' 0.15 0.478 1.293 Yy
! 0.0075 770 1047 . 0.15 0.478 1.204
) £ 0.0075 770 267 | 2.3t 0.391 1.203
0.0075 770 257 | 2.0 0.360 1.107
i 0.0050 750 1000 | 0.57 0.302 1.657
| 0.0080 750 100¢ | 0.87 0.293 1.588
. | 9.0080 750 1000 | c.57 0.445 2.413
! 0.0050 750 1000 | 0.57 0.41) 2.29
0.0080 750 600 | 1.34 0.417 1.987
0.00%0 750 500 | 1.34 0.999 1.901
0.0030 780 600 | 1.34 0.329 1.967
0.00%¢0 780 600 | 1.34 0.329 1.567
0.00%0 | 750 | 600 | 1.3 0.381 1.816 -
0.003¢ 750 400 | 3.3 0.406 1.508
0.09%0 730 400 | 2.3 0.406 1.50%
0.0080 150 wo | 3.3 0.333 1.300
0.00%¢ 180 - 00 | 2.3t 0.3¢8 1.418
0.0080 78¢ 09 | 2.3 0.338 1.201
\ 0.6030 778 667 | 2.3 0.410 3.16)
0.0030 718 667 | 2.3t 0.378 1.994
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Table 4. Experimental Data for Steel Cones and Cylinders
Under Axial Compressicn
t Ex 106
(ind) (@) | R/t | WM | vyzermt? c/c’
(a)a = 0°
0.010 30.3 | 800 2 0.310 1.804
0.010 10.3 | 800 2 0.267 1.554
0.010 301 | 800 1 0.335 1.814
0.010 30.3 | 800 1 0.266 1.441
0.020 30.3 | 400 2 0.362 1.403
0.020 30.3 | 400 2 0.298 1.155
5.020 30.3 | 400 1 0.268 0.979
0.020 0.3 | 400 1 0.346 1.264
0o.008' | 324 315 2 0.124 1.209
0.010' | se4 | 300 2 0.273 0.895
00104 303 | 300 5 0.281 0.945
00108 ] 303 | 300 | 1 0.303 0.939
o1zl 32.6 | 249 4 0.249 0.746
o012 | 326 | 249 2 0.287 .73
:l.!ot-ncl 2.
zRolomc‘a 2.
ot L Do - e
. . N ) " "‘ . é' . R . .:‘l .'} ._, .
LA W RIS A L Lok,
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Table 4. Concluded
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6
t Ex 10 P 2 .
(ia.) (psi) 1/, /"1 P/2xEt’cosl ciC
(b)a = 32°
0.010 30.3 | 465 | 2.571 0.438 1.878
0.04C 30.3 | 465 | 2.571 0.410 1.758
0.0i0) | 303 | 465 | 2570 0.264 1.046
0.020 303 | 233 | 2574 0.245 9.598
0.9¢¢® | 0.5 | 233 | 2578 0.267 0.760
c.020'% 303 | 231 {287 0.214 0.609
0.0202 | 30.3 | 233 | 2.571 0.267 0 760
{c) a = 60°
0.010 30.3 | 1000 | 0.57 0.251 1,361
0:010 30:3 | 600 | 1.34 0:370 1763
0.010 30.3 | 600 | 1.34 0.293 1.396
0.010 303 | 603 | 1.3¢ 0.301 1.434
0.010 305 | 400 ) 231 0.310 1.210
o.010' | 5.3 | 400 | 2.31 0.221 0.863
(d) o = 75°
0.010 3.3 | 758 ] 1.08 | 0.443 | 1.290
0.010 30.3 | 758 | 1.08 0.337 1.790
0.010 0.3 | 758 | 1.08 0.326 1,732
0.020 36.3 | $7G | 0.698 0.288 1.108
0.020 30.3 | 1380 | 1.08 6206 2.4
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lw adjacest to seam {s~em wrt reinforced).
2 Buckled nes - top clamplng plate indicatisg ylold coréitica.
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Figure 11. T[Uustration of SBhift af Buckly Pattern
for Retested Mylar Cylinder.
{Dots show location of buckie cormers
in previous test)
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a = 10°

Mylar
L4 OOSS

J1

Figure 14. Experimestal Buzkie Patteras far Cylindars and Cones
in Axis]l Cesnpreesion
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. Fgure 14. Contianed
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Figura I14. Continued
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Figure 14. Cunticiod
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Figur» 14. Coacluded
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V1. PRESSURIZED CYLINDERS UNDER AXIAL CCMPRESSION

Increased emphasis has recently been placed upon the internally
preseurized monocoque cylinder as an efficient load carrying structure
for missile applications, As a result, several experimental investigations
have been reported in the literature (References 5, 6, 12, 20 and 21).
Practically all the results obtained to date seem inconsistent with current
explanations of cylinder behavior. With the exception of the study of
Reference 5, even large amounts of internal pressure did not stabilise
the test cylinders to the extent that the theoretical small-deflection buckling
stress was achieved. Although the discreparcy between theory and experi-
ment is usaally sttributed to geometric imperfections and associcted stress
concentrations, large values of internal pressure should remove these
initisl imperfections and provide cylindere which are substantially perfect.
In most cases it is suspected that the plastic ylelding of the material,
whether Jus to high buckling stresses or axcessive initial damage, is the

cause of ihe current confusion of the results.

In order to provide test data on pressurised unstiffened cylirdare
whi~ii would be less sensilive to plasticity effects, tests wers made on
&-inch diameter and 8-inch length cylindere constructed of ¥ylar. The
results of thin investigation are reported herein,

A. Toest Agperatus and Procedure

The setup for the compresaion teats is shown in the phategraph
of Figure 15. The test specimen assembly is {llustrated in Pigure 16.
To maintaln concentricity of the cy!izders during castiag, the grooves i
the end caps were stapped to provide & locating diameter. The align-
mant of the tve cape during seesmbly was provided by the ventar peet
snd ball bushing ssnembly, Ths tolersace betw: ~n sest and bushing was
djusted to eliminmte friction and to permit frecdem of rotation dnring the
tenta,

Y B ..' ; g
. / ’ . b ’ k. .
. - 'Y . “
; . . - - '
. ne % W o it ) . -
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It was necessary to counterbalance the top cap weight, and very
careful specimen installation was required to avoid initial wrinkling of tae
2-arxd 3-mil cylinders. The center post of the top cap also provided a
mounting for a difierential transformer. This displacement transducer
permitted measarement of the relative movement between the caps aleag
the axis of the cylinder. Presenrization of tha cyiinders was accom:; iisbed
with compressed air through ports in the bottom cap. Aa accumalitor in
series with the specimen increased the control volume and assisied in
stabilixing the air pressure. The compressive load was applied with a
motorized screw mechanism in series with 2 Statham load cell, a ball
bearing, and a cover plate as illustrated in Figure 16. Tie Onating covz~
plate provided clearau:e for the transducer leads and eliminated deflections
of the top cap from thetransducer's measuremeats. Throughout the test-
ing, the loading mechanism provided a uniform strain rate of approximately
0.4 percent/min. Load and deformation were recorded simulataneously
with 2 Mosley X-Y recorder. The internzl pressure was measured by

mancrGears.

For each fixed pressure, the axial load was gracually increased
until snap buckling accurred or until an altimate load vvas reached. Then
diagrams were recorded continuously during the loacing and unloading
process. The internal pressure was thes inzreased a given amount ard
the process repeated. After the maximum presscre was reached, a
rerun was made at sero pressure © determine the degres of deteriora-
tion of the test specime=.

B. Load-Deflection Characteristics

A set of typical Joad-deflection diagrams for various prescures
is presented in Figure 17. ‘The occarrence of diamoad shapsd buckliss was
cmmistakable, since they appsared with a snapping noice. In the diagrams,
tiis phenomenon is illustrated by the sharpness of the load drop-off and by
the size of the unloading hysteresis loop. For increased futermal pressure
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N
buckling occurroed with a smaller a o ong. Y\, :ed diamond pattera. In the
figurc, thie changeis illustrated ‘.2 ¢ rerent ) Liathe vead Toy Aflad sy @

DR S

reduction in the aize of the hyst. 2e8is ivop:, *V':‘.\.;k'?\
b .

At the higher valuesof  initial cu-cus ‘A, « aferential ripples resembling
the sinusoidal wases assumed in iiie classical sr r’ *)', \all-deflection theory,
l -
appeared prior to collapse. The ccurrence of ths’ ‘11, e ripples is illustrated

by the gradual changein the slop« of theload- defor.’* {1s mationwave.

Generally, these ringe eped deformntion:- ;_ sppeared near the end
caps. For the thinner cylinder: . increased compree i iiveloadcaused these
waves to grow and to propagate f om the ends, untilth: V ertended over the
entire length ¢f the cylinder. Tk 'n elongated aiamondu ¢ .. eveloped in the waves
near the ands and the load drop; doff gradually. It is in\ R ¢resting tonote that
this behavior isin qualitative a ;reement with the predic: 't"t - lons of the large-
deflection theory of Reference 3. For thethicker cylindt > vq, however, these
waves were confinedtothe reg nnearthe ends. When th_eq';‘ Vi .ompressive Toxd
was increased, the central pox onof thecylinders remaine 7'~'j' 3 undeform 6
while the end waves grew until. (ter diamond- shapedbucﬂ.‘i _sdevaioped v

the cylinder ends became plast 2, when the load decreased s

‘\
%t
5«

g e le.

Although the shape o the loading portion-of the dm 1 N gram- did not
change, the onset of plasticit; was readily recognised. In s dhionto e
decrease in the net collapee | ad, the unloading portion of th‘i 'y diagrams-
changed. Irtead of dropping o & minimum and ther recovas - : ing olightly
as the diamond- ihlped buckl s disappeazed, the load droppel v_.': \ continucusly.
The diagrams for high press ires in Figure 17 illustrale this" ‘3.:» zepd. The
cylinder appears to have los its ability to racover, and,"as 1\ - becomes
more plastic, this inability {acreases. \ ::q;

\. ~. .‘.‘

Meaoured load-end shortsaing curves for the test cyh\ ‘- ' yders ars
illustratad in Figure 18. T1e test results for three values of P ‘;‘ AT® COM-
pared with the theoretical ¢ irves derived by Dow and Psterson) -

Best puciiate Gody
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(Reference 29) for finite cyiinders with axisvimmmetric deformatiun. As
ind:cated by the theorv, the deviation from the unit slope curv.e of unpres-
surized, unrestrained cylinders increases with decreasing values of the
curvature paramete. and with increasing values of the pressure parameter.
For the higher values of Z (lower values of thickness), the agreement
between theory and experiment is excellent, even at high values of p. Dut
for the two thicker cvlinders, the deviaticn from the unit slope is even
greater than predicted by theory. This deviation of the experimental load-
shortening curves from theory is apparently associated with the difference

of the radial deformation pattern previously discussed.

C. Critical Axial Stress

The experimental results for critical axizl stress as a function
of internal ;.ressure for the five skin thicknesses studies are givep in
Table 5. Material properties of the specimens are given in Table 5({aj.
The resulis are also plotted in Figure 19 in terms of the two dimensicn-

¢ss pavamcters introduced by Lo, Crate, and Schwartz (Reference 19j:

-

.u-c.r and p. Solid curves representing the approximate lower baund of the
scatterband are also shown. It will be noticed that the gerera’ treone of
variation °f::r with pressure is as predicted in Reference 19, ile., the
terndency is for?cr to increase with increasing p and to re>-'h a constant
value at higher valuer of p. As expected, since ihe infiuence of initiai
imperfections diminishes with increasing pressure, the experimental
scatter ig largest for very low pressures. This scatter appears to be
depende.t upon the end conditions, among other factors, since the two
casting materials used, Cerrobend and Cerrolow, gave consistently
different results. (See Table 5(a) for material used for each specimen.)
Generally, higher vaiues of Fcr were obtained for vaiues of p up tc 0.3
when Cerrolow was used. This tendency is illustrated in Figuce 20 by two
series of tests vn cylinders clamped in Cerrobend for the first ¢srios and
in Cerrolow for the second series. The difference appears to result from
the solidifying characteristics of ‘he two allows. Upon cooling, Cerrolow
contracts slighktly, whereas Cerrobend <xpands approximately 25 times
this amount of cor¢raction. Thus the cylinders installed in Cerscbhund had
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meore eccentricily at the ends and, conseygucatly, gave lower values of

Tcr until the internal pressure could overcome the influence of .hesc
intial imperfections. To illustrate the generality of this difference, the
unpressurized resuvlts for both clariped conditions are compared in

Figure 21.

For comparison, the results for the various values of R/t
curves representing the lower envelope of scatter of;;r versus p are
shown in Figure 22. It appears that the buckling coefficients ‘?cr are a
function of the radius-thickness ratio .for pressurized, as well as unpres-
surized, cylinders. However, in accordance with theory, the buckling
coefficients ccnverye to the classic value Of:::r’ regardless ¢l the values

of R/t, in contrast to tu= results of References 19, 20, and 21.

The combined effects of axial load and internal pressure were
not large enough for yielding to occur in the cylinders cf smaller wall
thicknese, but the influence of plasticity was felt in the thicker cylinders.
Ir Figure 19{b)}, plasticity near the end caps is illustrated by the drop-off

of‘a.’-cr {or high values of p. The cut off line illustrated in the figure,

T = 0.728¢ 1.174p, (7)
cr

prop limit ~

was derived from a consideration of bending stresses at the ends of the
cylinders and represents the combined axial stress and hcop stress which
will cause the outer fibers to become plastic, based on a von Mises yield
condition. The proportional limit has been used, rather than the yield
conditios:.. The proportional limit has been used, rather than the yield
stress, since?;r appears to drop off soon after the maximum streessss

exceed this limit.

D. Comparisor With Other Experimental Data

The data from the current tests have been summarized in
rigure 22, by curves representing the lower envelope of the experimental
scatter. These curves have been rsed for comparison with the results
from three earlier investigations. The data compiled by Dow and Peterson
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(Reference 5) for cylinders of 7075-T6 alurminumavre plotccu inFigure 23(a)
and 23(b). In general, the results for these ring-stiffened cylindersare in
good agreement withthose for Mylar cylinders. The 7075-T6 aluminum results
inFigure 23(a) are somewhat higher sincethelength-radius ratio of the
metal cylinders was 0.25 as compared to 2 for the M;. = ¢ iinders. Tic
range of pressures covered in these tests ie limited. Tests covering a
larger range of pressures ase reported in Referenct. *° she results of
which are plotted in Figure 23(c). The cylinders used in these tests were
made from 18-8 half-hard stainless steel which has a rather rounded
stress-strain curve. The plasticity cut off line derived from the propor-
tional limit is illustrated in the figure. As in the case of Myiar, the
buckling coefficients diop off steadily as the biaxial state of stress is
increased beyond this limit. For low pressures, however, the results

ar« in fair agreement with the present investigation. A high strength
stainless steel, 17-7 PH, was used ia the investigation'of Brown and Rea
{Reference 6). The results of these tests are plotted in Figure 23(d). At
very iow pressures, the influence of imperfections is evident, tut as the
cylinder becomes stabilized by increased pressure, the results agree with
those for Mylar. It is unfortunate that the tests were not extended ts high
values of p, since the stresses were well below the elastic ‘imit of the

material.

One of the reasons for the discrepancy of other investigatiors
thus appears to be the onset of plasticity resulting from clamped end bend-
ing moments. The specimens used for the study of Reference 5 differed
from those of other iniestigations and of the present investigation in that
they were ring-stiffened cylinders consisting of a test section and a buffer
bay un either side cf the test section. The rings helped to allaviate bend-
ing etresses due to end restraint and prevent preraature buckling due to
plasticity. In References 5 and 30 Peterson concluded that the short buffer
baye help to distribute the load and postpone premature buckling due to
irregular stress distributions in the neighborhood of the ¢uds. However,
it-can be seen from the comparisons of the precent sectionrnd those of
Sections IV and VII that the results of References 5 and30 are not sencibly
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different {rom tnose obtained trom specimens wiihout buffer bays.

In some of the investigations, the buckling coefficients appeared
to drop off prior to the predicied occurrence of plasticity (see Figure 23(c)
for insiance). This discrepancy is suspected to be czused by plastic yield-
ing of the material as the result of damage incurred during the preceding
tests, or, in the case of very thin specimens, during the fabrication

process.

E. Critical End Shortexliﬂg

Data for the axial deformation or end-shortening at which buckl-
ing occurred were also taken from the load-deflection diagrams. Thes®
results are summarized in Table 6 and are plotted iz Figure 24 in terms
of nondimensional parameters similar to those used previously. The
magnitudes of the deformation represent a meagure of the axisymmetric
radial deformations which occur prior to collapse, since the difference
between the tutal end-shortening and the compreasive rtrain is equal to
the nonlinear deformation associated with the rippling which occurs at high
pressurcs. It way found by trial and error that plotting the straio differ-
ence (6cr- Kcr) as a functicn ¢f p,/E(R//t)5/3 {see Figure 25) eliminated
the dependence upon radius-thickness ratios. It would b2 interesting to
know if theoretical predictionus bear any resemblance to the relation defined

by this method of plotting.
F. Minimum Load

in addition to measurements of the critical load and end deformn-
tion, minimum load data were taken from the load-deflection diagramae.
The minimum load, as used here, refers to the lowsst load attajned in the
deformed equilibrium condition during the unloading process. The results
for minimum load as a function of internal pressure for the five radius-
thickness ratios are summarized in Table 7 and plotted in Figure 26. The
general trend of the variation of‘amin with the pressure parameter p is in
accord with the dashed durve representing the values deri-ed in Ra!--ence
28. It is intcresting to note, however, that the minimum values obtained

here are less than thoae predicted, which would {ndicate that
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either the curreatly used iarge-deﬂectior; theory ie rot accurate enough

for such large strains or the current soiutions are not sufficientl; accurate.
A8 predicted by the theoretical solution of Reference 4, for initially imper-
fect cylinders, there is little scatter in the measured values of the mini-
mum siress coefficient waich is independent of the radius-thickness ratio

of the cylinders. The lower bound curve for © i included iu Figure

min
22, It ie interesting to note that the lower envelope of the buckling coeffici-

ent curves appear to approach the curve for T’min as a limit, as the radius-

thickness ratio increases.
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v Tavie 5. Experimental Data for Pressurize? Mylar Cylinders under
. Axiui Tomipression.
k]
Specimen Nu. 20,1 Spa.unen No. 202
—] —]
L4 Protal P r ! ¥ 4 Piott Per ';, L4
la. H0 Y » in. RO b b _
. 0.0 e 14 0.189 0.0 0.0 .6 2.6 0.149 0.0
0.2 .8 a2 0.221 0.037 0.2 IR 33 0.8y 0.000
0.4 3.8 .. 0.2%) 0.07¢ 0.« “ ) 0.22) 2.080
ve .5 5.4 0.284 0.11é 0. X 4. 0.8 0.12¢
* o8 13 X 0.393 0.153 0 .l . 0.26) 0.164
. 1.0 ¥ 6.4 0.337 o109 1.0 6.9 5.1 0.291 8.20¢
s 10.0 s LR EREn s LX) % 0.360 0.30%
2.0 K 1.9 0.416 0.379 20 10.2 .. 011 0.411
2.8 e R 0.458 0.474 s s 1.3 o417 0.51¢
3o 4.8 9.1 v.al% 9568 b 150 1 0.440 0.617
3.8 15,5 9.1 0.479 0.043 )8 1e.4 8.0 0.457 0.8
40 169 9.6 0.508 0158 Y] 15.4 .l 0.46) o
5.0 s 0.2 0.337 0.9%) 5.0 ™ .0 0516 on
4.0 1.1 1.2 0.937 L.1ed 60 3495 LX) 0.54% 1.2¢0
. 10 a3 10.4 0.547 1338 10 TR 10.0 0.3 1406
v "o 4 10,9 0374 1321 00 201 10.4 050 1631 ‘
20 e na .. A4 L X! .1 10.4 3.9% 1a87
10.0 .4 na 0.58¢ 1.900 10.0 Y 10,4 . 0.384 1.0}
e a4 e 0.611 110 120 TN} 103 0600 1474
149 2 e 0.621 28 100 3.1 10.7 o1 1.084
e i et 1 0818 sou 1.0 LX) 10.9 o.003 18
TR ] " 148 [ N3] V.44 8.0 4.8 Hna 0.434 3. He
F{ x4 BN} e X Y13 ' son 0 47! 10.9 .62 4124
— sl 0.0 IR % o134 (X
Spacimen No. §5.)
’ "uul ’tr "u ¥
ln. W0 th n
ve 1o 1e ™ PR
0.2 o X) o210 0.1
e 3 LR} J i 0.97%
LN} [¥] LI} [ R 21] 2,100
s 1.1 e 9.384 0187
Lo ] X} e i
iy s (3R 9 38 o e
10 I 1y ine 0N
i wa X s o
L] ’e 1.4 [N} e e iry
s itR a4 [N 13 .a84
.9 .1 [N} [ X34 0. 184
se e .t Y )
.o e (%} ) BLY
L") . * CRIT} 1
ve iy e X} x'y
') Y 108 'Y 1
.. TR ‘8. [ B 2] [, 1)
' e 'K 1 (XL %
"we ey IS [ K31 1 )
) e e seis 1
H e L ¥ L ] [ R ¥H IR YR
i @ e s *421 )y
) L L L L
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Table 5. Continued

Specimon No, 20.4 . Specimen No. 20.% ]
g P(oul Pcr 7cv ¥ 4 j:‘wul H Pcr 7cr ¥ j”
In, H,0 1 Y . fmony0 Ty I

0.0 4.5 4.6 0.254 0.0 0.9 X PP v.208 2.9
0.2 6.1 5.7 0.311 0.040 0.2 5.3 .9 0.262 0.939
0.4 8.8 6.1 0.332 0.979 0.4 6.9 6.2 0N 2.077
0.6 1.6 6.5 0.354¢ o.118 0.6 1.7 6.6 0.383 0.116
0.8 8.5 7.0 0.381 0,158 0.8 5.6 7.1 0.380 0.15%
1.0 9.1 13 0.398 0.197 1.0 9.4 7.6 0,406 0.194
15 10.6 7.9 0,430 0.296 1.5 13 8.6 0.460 e.291
2.0 1.9 0.3 0452 0.3%4 2.0 12.5 8.9 0.476 0.388
’a 1a2 Fe v.asy | 0.493 2.8 13,7 9.2 0.492 0.488
.0 14.3 0.9 0.48% 0.892 10 15.1 9.7 0.519 0.582
15 .3 9.1 0.496 0.491 38 16.2 9.8 0.524 0.679
4.0 16.7 9.4 0.512 0.7:9 4.0 17.3 10.0 0.535 0178
5.0 19.0 9.9 0.540 0.986 _ 50 -4 193 10.2 0.544 0.969
0.0 229 10.0 0.545 1.184 6.0 21.6 i0.7 0.573 1.163
7.0 233 10.6 0.478 1.381 7.0 2.6 10.9 9.583 1.387
8.0 25.1 10,6 0.578 .57 8.0 5.5 1.0 0.58¢ 1.551
9.0 21.0 10.7 0.983 1.77% 9.0 21.2 10.9 0,583 1764
10.0 29.1 10.9 0.594 1.973 10.0 29.1 10.9 0.503 1.9
12.0 2.9 1.1 0.608 2.367 12.0 13.0 1.2 0.600 2.326
14.0 36.4 1.0 0.600 2.762 14.0 36.4 1.0 0.589 2.7
16.0 w6 1.1 0.60% 3.156 16.0 40.1 1.1 0.594 3.101
18.0 ai7 .0 0,600 3851 13.0 44.9 1.3 0.605 3.489
20,0 44 11 0.608 3.945 200 7.6 1.y 0.605 378
0.0 4.9 a9 o.zn 0.0 0.0 4.0 4.0 0.214 0.0

Specimen No. 20.6
P P:oul Fcr 7u' ¥
In. 4,0 1 b

0.0 3.0 3.6 0.19% 0.0
0.2 4.9 4.5 U.244 0.0)9
0.4 3.8 5.4 0.276 0.078
0.6 6.2 - 8.1 0.276 0.118
0.8 7.0 5.3 0.298 0.158
.0 7.8 6.0 0.326 0.197
15 9.6 6.9 0.374 0.255
2.0 1.0 7.4 0.401 0.394
2.8 12.5 8.0 0.424 0.492
3.0 15.8 8.4 0.458 0.590
5 | 1s0 8.6 0.466 0.689
4.0 16.2 5.9 0.402 0.787
5.0 18.6 9.5 0.23 0.984 .
6.¢ 20.9 10.0 0.542 1.180
7.0 2.3 16.1 0,948 1377
2.0 5.2 10.7 0.580 1.574
9.0 27.3 1.0 0,596 LM
10.0 29.2 1.0 0.596 1.967
12.0 3.0 1.2 0.607 2.361
14.0 3.0 T 114 c.618 2184
15.0 0.2 1.2 0.407 3148
18.0 IR ] n.2 u.607 3.541 —
20.0 o 1n.a 0.613 3.93%
0.0 33 3.3 0.179 0.

~~~~~~~ . s St s o
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Table 5. Continued
Specimen No. 30.} Specimen No. 30,2
P "l‘om pcr cr P 4 P‘Inul P" Ter F ¢
In.H,0 1] 13 h.HzO b 1.3

0 8s [ 8] 0.212 0.0 -] 9.8 7. 0. 223 0.0
0.5 132 12.3 0.306 0.C4b 0.5 12.2 1.3 0, 280 0. 045
1 14.9 13,1 0,326 0.090 1 14.8 12,7 0.315% 0.09%
2 18.8 14.9 0.37% 0. 180 2 18.% 14.9 0.370 0, 180
3 2.6 16,2 0,404 0.271 3 21.8 16.4 0,407 0.270
4 24.8 11.8 0,436 0,361 4 2%.90 1.7 0,440 0,359
L] *7.9 1.8 0. 468 0.4%1 5 2.7 18,6 0.461 0.449
é 0.3 19.4 0, 483 0. 541 6 30.1 19.2 0.476 0. 539
7 2.6 19.9 0,49 0.632 7 32,6 19.9 0.4%4 0.629
s 35,1 20,6 0,513 0,722 [} 4.9 20.4 0,506 0. 719
9 3.4 21 0. 528 0.812 9 37.6 2.3 0, 529 0. 809
10 39.3 2.2 0. 528 0. 902 10 39.8 21.4 0.531 0. 898
12 43.7 21.9 0. 345 1.08) 12 44,1 221 0.5%3 5,018
14 476 22.2 0,553 1,263 14 48.3 22.9 0. 869 1.25¢
16 51.4 2.3 T 986 1,444 16 52.2 23.2 0.57% 1.437
20 59.6 23.3 0.580 1,804 18 86.0 233 o.478 1.617
24 67,3 23,8 0,59 2,168 20 59.9 23,6 0.588 i 7'.1
28 4.9 24,1 0. 600 2.526 24 68,0 24.5 0.608 2. 1%
3 82. 4 24.3 0.608 2, 887 28 5.4 - 24,6 0. 610 2.516
0 84 8.4 0. 209 0.0 32 8.8 4.4 0. 608 2.073%
36 90.0 24.6 0,610 3.2
40 96,8 23.9 0.9% 3. 5%

o 9.5 9.5 0.23% 0.0

" 'Spécimen No. 30,3 Specimen No, 0.4
P PTonl pcr Ter F P ’Toul Pcr Ter ]
!n.HZO bt ] b ] ln.HzO L i

o 7.6 7.6 1 07184 0.0 7 0 8.2 8.2 n, 190 0.0
9.% 1.8 10,9 0. 264 0, 044 0.% 1.4 10 % S, 244 0. 042
1 14.3 12,8 0.3062 0. 088 1 14.3 12.7 0,294 0, 084
2 18,8 14,9 0,361 0,173 2 18.3 14.7 0.34! 0. 162
3 219 - 16,1 0,390 0.25% 3 21.9 16,3 0.383 0.2%2
4 25,0 17.7 0. 428 0,350 4 25,1 118 0.413 0, 33
s 27,6 18,8 0, 448 0.438 L] 1.7 10. 6 0.431 , 420
6 30.4 19,5 0.472 0,526 6 30.3 19. 4 0, 430 0,504
7 32.58 T 19,8 0.480 0,613 ? 32.7 20.0 J. 464 0,988
38,1 20,6 0.499 0. 701 ] 15,8 2,0 0. 487 0,672
9 3.9 20.6 0.499 0,789 9 18.0 H 9,503 0. 786
10 3.8 2.6 0.52) 0.87% 10 40.9 2.7 0.328 Q. M0
12 4.9 1.} 0.53% 1,082 12 45.2 23. 4 0. 542 1, 003
14 44.8 3.4 0, 366 1,227 4 44.9 24.8 0. 469 1178
16 83, 4" 4.4 0.5 1. 402 i 83.3 24,3 0,563 1.343
1] 87,3 1.4 0.598 1. 977 i 8. 4 26,7 0.373 811
20 60.9 4.5 0,393 1,78} z0 b4 28,1 a.582 1.6
2 (1% 25,3 0.412 2. 928 2 63,3 28.4 0.389 1, 047
26 72.4 5.2 0.610 2.am & ”.2 26.0 0,503 18
30 7.2 . 0.612 2,629 30 80,3 25,8 0.5 2.31?
34 ", s 25,1 © 0,608 .97 34 8% 26.0 0.603 2. 088
35 9.6 1N 0.600 3,320 b1 98,1 i, 0. 408 3. 1%
42 101, 1 24,9 0,603 3,680 42 102,1 2.0 l 0,603 3,526
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Table 5. Continued
Specimen No. 30,3 Specimen Ne, 39,6
-3
P PToul Pcr ¥er B P pTonl Per :u ¥
In.H,0 1b I n.H,0 1t
0 .2 1.2 0, 259 0.0 [ 8.6 8.6 0. 194 0.0
0.5 15,4 14,8 0,335 0, 042 0.9 1.9 1.0 0. 249 0,041
i 1.5 15,7 09,3863 0, 084 i 14. 4 iz, 6 0.28% 0.032
2 20,3 16,7 0, 186 0, 168 2 i8,3 14.7 0.332 0, 154
3 23,0 17,6 0,407 0.252 3 22,0 16,6 0,378 0, 246
[} 25.8 18.% 0,428 0,338 4 28,2 11.9 0,408 0,328
L] 28,7 19.6 0,453 0.419 ] 29.2 20,1 0,454 0. 410
) 3h1 20.2 0. 467 0,503 6 32.4 21,8 0,486 0. 492
7 33,7 21,0 0. 486 0.587 7 34.7 22.0 0,497 0.874
s 36,5 22.0 0.509 0,671 s 37.2 22.7 0,513 7,633
9 38,7 22. 4 0,518 0, 758 9 319,85 23,2 0,523 0.737
10 41,1 22.9 0.530 0,838 10 41,8 23.6 0.534 0.819
12 4.1 23.3 0,539 1,006 12 4.4 4.6 0,55 0.983
14 9.2 2.0 0. %30 1174 14 51.0 25.6 0,579 1,147
16 53.6 24.6 0, 569 1. 342 16 L1 26,3 0.9% 1.311
18 57. 4 24.7 0.571 1, 509 18 59.4 26.6 0.603 3,473
20 62.9 25.7 0.5% 1.677 20 63,3 27,0 0.5610 1,650
22 65.9 26.0 0.601 1,848 22 69.6 26.7 9,603 1. 803
26 7.8 26.6 0.618 ¢ 180 e 74. 26.9 0, 608 2,130
30 80.9 26. 4 0.610 2.516 30 8:.6 2.1 0.612 2. 458
34 8.2 26.5 0.612 2.860 4 88.8 211 0.612 2. 188
s 95,1 26,1 0.603 3. 186 k1) $C. 1 P | 0.612 3,113
42 102, 1 25.9 0, 599 3.522 42 103. 4 27.2 0,618 3. 441
0.0 .4 84 0. 1% 0.0
Specimen Neo. 10,7 Specimen No, 30,8
P Protal Per Ter ¥ P Protal Per Ter ¥
h.H‘O ) 3 » h.llzo b
[} 1.2 11.1 0,252 6.0 [} 13,6 13.4 .29 9.0
[ N ] 151 ' 4.2 0,322 0,042 0.3 16,9 6.9 0,381 0. 040
1 16.5 14,7 0.33¢ 0,082 1 19,1 173 0.379 e. 07
3 20.3 16,7 0.379 0, 16¢ 2 2.7 19,1 0.419 e, 199
] 23,0 1.4 0,400 0. 248 3 28.4 20.0 0.438 0,238
4 8.1 10.9 0. 427 0.329 4 st é 30.% 0. 443 0,318
5 29,8 20.4 0,463 0.418 ] 30.0 20.9 0.488 [% 1.}
[ 3.8 1.6 0.490 0.493 & 32,1 a3 0, 468 o4
7 7 3.0 0. 8500 0,57 7 3.4 .4 0, 449 0. 59
[ 36,9 1.4 o.509 o.688 [} 3.2 2.7 0.4% 2,433
L] 2 L 0.520 0, 743 9 3,0 2.7 .49 &H'4
H ] 41.32 3.0 0,522 g, 022 10 41.4 23%.3 ¢, 508 [, ]
‘12 45.3 a3.7 0,838 C. 887 ! 4.0 .2 9. 930 0. 933
14 80,0 u.. 0. 839 1. 18i e 30.4 25,0 O, #48 L1
16 .1 a3 [ )/ ] | 7% H 16 84,6 25,6 0.541 LN
18 38,3 28,6 0.581 L 480 18 58,9 3%.3 .97 Ler
20 6l 258 (%} 1,648 0 2.4 4.1 em 1, 508
] .9 2.8 €. 990 1.809 ] [N} 3.4 % 583 . 8
% 7.7 .8 0,601 2. 138 7Y 7.} 3.9 (%, ] 3. 064
10 ”ns .8 0.608 2.487 30 1.3 ar.e s 092 3.2
M .8 /%] 0.618 2. 1% 34 "7 ¢ (N ] 2.9
38 *%.2 2 0410 3, 128 3 9.3 N3 .09 R334
Y] 109, 4 12 o.618 | s.e8¢ 4 103.4 me (N7 3154
[} 11.4 11. ¢4 .20 0.0 0.0 12,2 1.2 8. 347 o.¢
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Table 5. Continued
Specimen No, 0.1 B Grerimen No. 50,2
—r-_ - — Tz =
P Ptnul P" Ter p P Ptoul Pt’l’ ?( r 2
In. H,0 b b In. H,0 b 1Y
° 28.4 28.4 0,247 a n 27.7 7.7 0.241 o
i 8.1 36.3 v 316 0.032 1 373 18,8 0.309 0.032
2 4.0 19.4 1,343 0,063 2 44.1 40.5 0,352 0.0¢3
3 474 422 0.365 ¢ 9,09% 3 47.4 420 0.308 0.098
4 50,7 43.4 0378 | 0.126 4 50.0 42.7 0.375 0.12¢
6 $7.9 47.0 0.409 {- 0.189 6 56.0 4 0.392 0.189
' 64.7 50.2 0.436 0.252 s 83.8 49.3 0.429 0.252
10 7n.3 33.1 4.462 8.316 10 9.6 st 0.446 0.316
15 84.1 56.8 C.A%M | 0473 15 82.8 58,5 0.483 0.473
20 9.8 59.5 2818 . 0.638 20 95,7 5.4 0.516 0.631
28 106.9 61.5 €.535 0.789 28 1081 “nr 2428 0.789
30 18,3 63,9 ©0.555 0.947 30 176 63,2 0.350 0.947
© 1397 871 c.584 1.262 0 139.1 6.3 0.578 1.262
In. Hg In. Hg
4 167.6 9.2 0.601 1.711 4 167.5- | 69.1 G800 IRV
s 193.% 70.8 v.c13 2.139 ] 193.2 70.2 0.610 2139
6 211.0 69.5 0.608 2.566 6 2178 70.0 0.009 2.866
? 240.6 68,8 0.596 2.994 ? 240.8 68,7 0.598 2.9%
' 266.5 69.3 0.606 3.422 e 267.1 70.4 0.611 s.e22
9 291.1 69.9 0.607 3.850 9 291.3 70.0 0.609 3.8%0
0 29.3 [ 0,255 0 0 278 21.8 0.239 °
Specimen No. 50.3 Specimen No. 50.4 ]
’ Protal” Per Ter ¥ 4 Prote1 Per Ter B
In. H,0 ib Ib In. H,0 16 Ib
[ 273 271 0,23 0 [) 30.3 30.3 2.261 0
1 3.4 .6 0.293 0.031 1 38.3 36.8 0.314 0.531
2 4.9 39.3 0.33¢ 0.062 2 43.7 4.1 0 346 0.0t2
) “.3 2.9 0.370 0.094 3 9.7 44,3 0,382 0.094
. 53,3 6.0 0.396 0.128 4 55,0 177 0.411 0,128
. ) 51.0 0.440 0.188 6 63.4 82.5 0.452 o.les
[ 69.5 53,0 0474 0.250 s 0.5 56.0 0.482 0.250
10 7.1 37.9 0.499 0.313 10 5.4 s1.2 0.493 0.313
18 8.7 2.4 0.537 0.469 15 86,5 $3.2 v.510 0.469
20 102.1 5.8 0.366 0.628 20 98.1 61.8 0.532 0.628
s | s 1.0 0.877 0,782 28 108.6 3.2 0.548 o.182
30 122.9 8.5 0.530 0.938 3 119.8 65.4 0.563 0.938
s 133.0 0.5 0.590 1,094 38 130.4 6.9 0.576 1.024
®__ | s 6.y 0.593 1.281 0 140.0 2.6 0.580 1281
In, Mg In. Hg
4 161.2 68.8 0.532 1.693 3.5 184.1 .2 0.508 1482
] 192.6 9.6 0.600 2.118 4 1678 69.3 0.59¢ 1.698
[ 216.6 4.1 0.59% 2.542 4.5 180.3 69.6 0.600 1.906
7 242.1 70.0 0.603 2,944 5 192.3 [1X ) 0.601 a.118
[ ] 266.0 4.3 0.597 3.309 [] 2174 4.9 0.602 .54
1] 390.6 .3 0.597 3.819 ? 2428 _ 70.7 0409 3.966
[ 7.6 7.6 0.238 0 247.% 0.6 0.408 3.50¢
. s 7918 0.3 0.407 3.81)
0 1.1 1.l I 0.268 »

Page 58
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Table 5. Continued
Specimen No. 50.5 Spacimen No. 50.6
L4 Protal Per Ver B 4 Piotal Per Ter 5
In. Hlo b th In. Hzo b b

0 32,3 32.3 0.282 1] [} 40.0 40,0 0.343 0

1 43.7 43.9 0.334 0,032 1 41.% 45,7 0.392 0,031
2 40.7 45.1 0.394 0.063 4 51.6 48.0 0.412 0.062

3 52.9 475 0.415 0.07% 3 5.7 80.3 .. 0.4 0.093
4 $7.3 50.0 0.437 0,127 4 58.8 51.8 0.442 0.134
6 68,2 L1 4 0.482 0.190 [ 64,9 53.6 0.460 0.187
] 7.0 8.3 0.508 0.254 10.6 86.1 0.482 0.249
10 .1 59.9 0.521 0.317 10 74.9 86.7 0.487 0.311
18 9.0 62.8 0.546 0478 1% 2.0 60,7 0.52) 0457
20 100.2 63.9 0.5%6 0.634 20 9.3 63.0 0.541 0.623
5 110.6 5.2 0.570 0.792 s 111.0 65,6 0.563 0.778
30 120.% 66,3 0.579 0.951 30 122.6 68.2 2.566 0.034
3 150.8 67.3 0.588 1.109 kL 132,9 69.4 - 0.595 1.090
40 140.3 67.7 Jv.591 1.268 40 142.8 70.2 0.603 1.246

In. Hg In. Hg
)8 154.6 6.7 0,600 1,503 3.8 155.7 69.8 0.59¢ 1.477
4.0 167.6 69.3 0.608% L8 4.0 168.7 70.4 0.608 1.680
4.5 179.3 68.6 0.59% 1.933 4.5 180.6 69.9 0.600 1.899
s 191.¢ 63.6 0.599 2.147 L} 1934 70.4 0.608 2.118
L] 21%.% 69.4 0.606 .57 6 217.6 38.1 0.602 2.532
? 2413 69.2 0.602 3.006 ? 242.0 9.9 0.400 2.954
6 268.6 68.9 0.60% 3.436 [} 261.1 0.4 0.608 31.376
9 290.2 [* K] 0.602 14635 9 92,2 70.9 0.6t 3.1
1] 2.7 T 32,7 0.286 0 0 3.3 31.3 0.16¢ [}
Specimen No. 50.7 Specimen No. 50.8
» Proar Per For L P Peotat Per Fer 4
1a. Hzo 1 b 1n. "z° b1 ] I\ ]

] M0 M0 C.298 0 ] 40.0 40.0 0.340 9

1 “.9 43! 0.377 0,032 1 4“0 4.2 0.9 0.031
2 9.3 45.7 £.430 0.064 z 2.2 48.8 0.414 0.042
3 52.9 47.% 0.418 0.098 3 54.3 48.9 0. 416 0.:93
4 6.3 9.0 0.429 0.137 4 6.8 49.2 [ X)L 0.124
[ ] 6.1 1.2 0,440 0,190 6 60.7 "0 0.423 0.123
] 8.6 4.0 0.474 0,254 5.6 [ 1183 0,438 0.257
10 74.1 5.9 0,489 0.7 10 ns $3.3 0.45) 9,383
i 6.4 39.2 0.3i8 3,475 15 e6.1 8.8 0.300 0,453
20 7.3 1.0 0.333 0.6%4 30 9.7 2.4 0.5% 0.613
25 1077 2.2 C.244 0.7192 8 110.7 5.3 0.48% T
30 118.2 [} R ©.338 0.92} 30 131.3 6.4 .57 6.3:7
b1 138,7 5.3 0.370 1.109 38 132.0 60,2 .08 1.52
A 138.8 6.2 ¢.371 1.268 40 141.3 .7 0.530% 3.55%

Ia. Hg In. Hg | .

3.5 | 187 o8 | cses 1308 5.8 | 1M n2 Xt

4 168.¢ 1 | ene 1118 4 1.3 0.0 (¥

4.5 1799 .2 0408 1.933% 49 102.3 7.6 0409

] 191.9 6.9 0.68) 2.147. [ ] 1982 m.2 041e

] 31y (1 X ] 0.618 3,817 6 any .2 0.99?

7 42,0 9.9 [ X 1%} 1,006 7 2482 0.9 0.403

s 268,93 [1X) 0.60% 3436 s 268.0 n.? 0600

] a91.3 (1R} 0.411 3.068 9 2392~ na 0403

[ 29,9 9.9 0.363 [} ] 8.1 8.1 2.2
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Table 5. Continued

Specimen No. 79.1 Specimen No. 79.2
Protal Per Ver ¥ P Protal Per L 4
1b b In. H,0 ib b
9s 95 0,300 ] 0 84 [ 1) 0.279 [}
106 102 0.322 0.02) 2 106 102 0.339% 0,024
119 110 0.348 0.057 s ns 106 0.382 0.060
14U 122 0.385 0.118 10 140 122 0.408 0.120
139 132 0.417 oarz | 15 159 152 0.43¢ 0.18"

176 140 0.442 0.230 26 177 141 0.468 0.244
204 150 0.474 0.344 30 208 151 0.503 0.5362
30 157 0.496 | 0459 40 220 157 0.521 0.482

ie. Mg
266 168 0.530 0.622 4 269 168 0.548 0.453
298 Tan 43 0,718 s 294 1 0560 0.06

sz 174 © 550 0.934 1 320 172 u.ST1 0.980
17 180 0.568 1.245 . e 17? 0.588 1.306
o 185 0.584 1.8%6 10 424 17 0.591 1,638
487 192 0.606 1.867 12 476 101 0.601 1939
$36 192 0.606 2118 14 528 181 0.601 2.286
582 188 0.59%4 2.450 16 576 102 0.604 2.612
629 186 0.588 2.801 18 619 176 0.584 1.9%¢
673 181 0.571 3112 20 664 1 0.371 3.248
728 179 0.565 3.423 22 708 164 0,545 LX 1]

" 9 0.300 ° M % 0.286 0 !

Specimen 79.3-1 Ssertmen No, 79.3-2
Pcotll ’cr '-:r L P ’w Per 'Ct ¥

b ib In. H,0 ib »

[ 2 0.270 ° [ 16 116 0.364 [
104 100 0.314 0.029 2 134 10 0.407 0.023
128 116 0.254 0.057 s 147 138 0.433 0.057
147 129 0.408 0.114 10 166 148 0444 6.114
164 137 0.430 0171 13 179 [1}] c.476 0.5%
181 145 0.456 0.228 20 193 157 0.492 0.127
2 187 0.494 6.548 3% H) 168 ubis [ % "+
238 168 0.519 0.4%6 40 241 168 0.847 0454

. In. Hg
210 172 0.540 0.618 . 273 113 0.549 0.618
207 174 0.547 0.773 5 303 180 9.36¢ 169
1111 177 0.85¢ 0.918 ¢ 328 10 0564 .23
3ii 184 0.57¢ 1.237 s ET T [t 0,500 123
o 1% 6988 1.846 10 3 188 0.8% L8
“as 19 | osv7 P LY n @7 12 (X711 1,04
(37] 1% 0.4 2168 14 (1T i 0.400 2134
seé 192 0.404 2474 16 [ T 1 0.602 2461
Tew 1% 0.610 .18 [ €33 12 o402 2.7ee
4 12 xLn 3on 20 90 10 .09 e
18 197 0368 3.401 1 m 1 0.568 3,304
° * " 02.298 ]
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Table 5. Continued
Specimen No, 79.4 Specimen No. 79,5
L4 Protal Per Ter ? L4 Protal Per ¥er 4
In. H,0 1Y 1b In, HO Y T
] 1t 1Y) 0.370 [ ) 194 104 0.346 0
2 120 16 0.386 0.024 2 113 109 ©.363 0.024
[ 131 122 0.406 0.060 5 122 113 0.376 0.060
10 147 129 0.430 0.121 10 138 120 0.400 0.121
15 162 138 045 | o0.181 18 153 126 0.420 0.181
20 176 140 0.466 | 0.241 20 168 12 0.440 0.241
30 202 148 0.493 0.362 30 195 141 0.47 0,362
40 225 152 0.506 0.482 40 220 147 0.490 0.492
In. Hg in, Hy
4 257 159 0.530 0.654 4 254 156 0.520 0.654
s 287 164 0.546- 0.817 [ 283 160 0.533 0.817
6 33 165 0.850 0.981 6 312 164 0.346 0.981
s 170 173 0.576 1,508 [ 367 110 0.564 1.308
10 22 176 0.586 1.638 10 420 174 0.580 1.638
12 4 180° g 400 1.962 12 473 178 0.593 1.962
14 826 1.2 0.606 2.289 14 526 182 0.6C6 2.289
16 $77 183 0.610 2.618 16 878 181 0.603 2.618
18 623 a0 0,600 2.943 18 617 174 0.580 2.943
20 663 1 0.570 3.26% [ 83 [}] 0.276 0
° 86 86 0.286 [
I Specimen No. 79.6 Specimen No. 72.7
4 rploul Per Ter B P Protal Per L ]
le. HO b 1% In. H,0 1b 1%
L] 116 116 0.373 0 0 1o 110 0.354 ]
2 127 12y 0.396 0.022 2 121 1n 0.376 0.523
s 140 131 0.421 0.058 5 134 125 ©f 02 .038
i 157 139 0.447 0.116 10 18} (R 0.428 0.116
15 173 146 0.470 0.178 15 168 141 0.454 0.178
20 188 152 0.489 0.233 20 188 149 0.479 0.233
30 216 162 0.521 0,352 30 mn 157 0.508 0,380
40 239 166 0.8% 0.486 40 234 161 0.51¢ 3,466
In. Mg . Hg
4 W7 149 0,544 0.632 4 263 168 0.831 0.432
s 293 170 0.547 0.790 [} 209 168 0.3%4 2.790
6 321 173 0.556 0.9¢8 6 n? 169 0.544 0.948
] 378 178 0.573 1.264 ] 371 17¢ 0.560 1.264
10 429 1% 0.58¢ 1.580 10 426 180 0.579 1.880
12 479 184 - 0.992 1.89% 12 480 188 0.508 1.89%
14 830 18 0.598 2.21¢ 14 s’ o~ 187 0.402 3218
16 503 189 0.608 2.527 16 583 1) 0.608 3.5317
1t 630 187 0,801 .04 0 107 107 0.344 [
] 103 103 0,331 0
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Table 5. Continued
_ Specimen 00,1 Specemen 100.2
P plotll ur 'cr I3 L4 Plulul pcr cr 3
InHg th - b In, Hg b
0.0 144 144 0,311 0.0 0.0 14} 141 0211 0.0
0.9 194 182 0,393 0.0%3 0.5 185 173 0,382 0.054
1 234 209 0.451 0.106 i 215 190 0.419 0.108
2 283 L34 ¢.508 el 2 268 219 0.483 v.2i?
3 320 246 0.513 0.318 3 312 238 0.524 0.325
4 356 258 §.556 U. 424 4 348 250 0.551 G.433
] 415 b7 0.576 0.636 [ 410 262 0.578 0.650
] 471 275 0.593 0,54/ [ 464 268 0.598 0.866
10 525 279 "0.602 1.059 10 515 269 0.593 1.083
124 576 281 C.606 1.271 12 566 271 0.597 1.299
14 24 280 L.6CH 1.483 14 616 272 U.59¢ 1.516
16 674 280 v, t04 1.695 16 667 273 0.602 1.732
20 713 281 ©.606 2.119 18 718 215 £.606 1.949
24 810 280 0.604 2.542 20 767 275 0.606 2,165
0.0 132 132 ©.285% 0.0 22 816 275 0.606 2.382
24 865 275 0.606 2.598
0.0 135 115 0.298 LX)
[ - Specimen No. 100, 2-1 Specinven No, 100,3-2
? Protal P:r .'cr ¥ 4 Ploul Pcr Ver b4
In. Hg 1b 1 In. Hg 1b 1b
6.0 129 129 0.286 0.0 e 0a0 L 200 200 o447 | co |
0.5 195 183 0.406 0.058 0.5 226 it 0478 5.088
1 216 1$1 0.423 0.109 1 247 25e 0,496 0.110
2 269 220 0.488 0.218 3 281 232 0.518 0.250
3 310 236 0.523 0.327 3 317 243 0.542 0.329
A 339 241 0.534 0.455 4 48 250 0.558 0.439
6 404 256 0.567 0.651 6 404 256 0.571 0.687
] 459 263 0.583 0.8l ] 458 262 0.58% 0.678
10 s12 266 0.589 1.089 10 509 2863 0.548 1.098
12 868 270 0.598 1.3C¢ 12 560 268 0.992 A
14 616 272 0.603 1.524 14 611 267 0.59% 1.537
1¢ 668 14 0.607 1.742 H.) 662 268 0.598 1.788
1 7ns 278 0.609 1,789 1 ne 267 0.39% .87
20 766 ane 0.607 2.177 20 161 269 X1 alse
22 1 an 0.603 2,395 22 [10) 269 0.601 .48
4 e37 267 0.5%2 { 2,613 24 (L} 269 0.601 2.638
PR 183 18 0.409 9.0

SV SR
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Table 5. Concluded
Specimaen No. 100.4 ] Spoimen No. 100.8

Inl., Hg p'ﬁfd Pftf Ter ’ u‘..P Hy p‘f\:‘l Plcb' Ter ’

0.0 137 137 0.301 0.0 0.0 178 178 0.396 0.0
0.5 183 iTt 0.376 0.054 vy 206 194 0.434 0.085
1 216 191 0.419 0.108 1 228 203 c.481 0.109
2 267 218 0.479 0.216 2 270 221 0,491 0.219
3 309 235 0.516 0.323 3 209 235 0.523 0.328
4 346 248 0.545 0.431 4 1YY’ 249 0.554 0.437
6 40 239 0.569 0.647 [ “ws 257 0.571 0.656
e 463 267 0.586 0.863 8 460 264 0.587 0.874
10 s21 s 0,604 1.078 10 512 266 0.892 1.093
12 571 278 £.40% 1.204 12 563 268 0.596 1012
14 o2¢ 218 0410 1.509 14 613 269 0.598 1.530
16 670 276 0.606 1.728 16 663 269 0.598 1749
18 120 217 0.608 1.941 18 714 i 0.583 1.968
20 769 a7 0.408 2156 20 765 13 0.607 2.196
22 816 28 0.604 2312 22 813 2 0.605 2,408
) 264 274 0.601 2.588 24 861 2 0.603 2.624

0.0 136 136 0.299 0.0 0.0 149 149 0.332 0.0

. Specimen No. 100.6 Spacimen No, 100.7
P Proal Per ¥er P ? Piotal Per Ver r
In Hg ® 1B In, Mg n b

a9 189 189 0.35% 0.0 . 201 201 0.451 0.0
vs 201 189 0.434 0.08¢6 08 28 216 0.:t5 0,035
; 238 210 0.482 0.413 ' 247 222 0.499 0.110
2 2 223 0512 0.226 2 206 11 0.832 0.220
3 304 230 0.520 0.330 3 39 s 0.550 0.331
4 339 241 0.554 0.451 4 350 252 0.566 0.441
6 399 251 v.876 0.677 6 406 258 0.579 0.461
] 458 239 0.595 0.902 s 459 263 0,590 0.882
10 308 260 0.597 1.128 10 iy 263 %.395 1.192
12 438 262 0.397 1.353 12 s62 267 0.599 €32y
14 608 26t 0.59% 1.579 14 612 268 0.652 1.84)
io 83 262 0.692 1.808 16 661 267 0.599 1.764
18 108 26 0.602 2.030 18 ne 289 0,604 1.98¢
20 788 263 0.604 225 0 742 10 0,606 2.208
2 (1] FTY) $.5%% i.707 FH] sty 110 0.606 2.428
8.9 127 127 0.292 0.0 24 5?7 267 0.599 2.646

0.0 198 i83 0418 0.0
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' Table 2. Physical Charactcristics of Test Specirens
Specimen ! ‘ j, :
) . ;Nmnber t(inch) : E(ksi)’ Remarks |
e g =
o ' 20.1 ; 0.002 | 759 Cerrobend E
oL | 20.2 ' , : 700 Cerrobend !
| 20,3 " 737 Cerrobend i
! 20. 4 : i 732 _ Corrolo_\v
\ - ! 20.5 ; § 745 - Cerrolow
. i 20.6 + 0.002 l 734 Cerrolow
i | i
l 30.1 : 0.003 i 711 | Carrobend :
. 30.2 { 714 | Cerrobend
30.3 l T l 732 | Cerrobend !
3 jc. 4 : ' E 764 | Cerrobend i
30.5 l ' 765 | Cerrolow
W. 6 i 783 Cerrolow
30.7 ‘ \l’ ! 780 | Cerrulow
30.6 0.003 | 808 | Cerrclow
- 50.1 0.00% ™ i Cerrobend
. ) 50.2 A E$ 23 i Cerrobend
' e 50.3 739 | Cerrobend
50. 4 T39 : Cerrobend
50.5 729 | Cerrolow i
0.6 l 742 |Cerrolow
| $0.7 Q‘ 739 | Cerrolow
50.8 ! c.00% T48 ! Carrolow

. % o

P
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Table 5a. Conciuced

T

; Specimen ‘
Nunmber ' t{inch) ' E{kei)} Remarks

79.1 | 0.0079 = 810 i Cerrobend
9.2 A . ; Cerrobend|
79.3-1 'Cerrobend’
79.3-2 . . ?Cerrolow ;
79.4 | Cerrolow !
79.> Cerrolow
79.6 ‘ Cerrolow

79.7 ! Cerrolow |

100.1 Cerrobend
100.2 ; Cerrobend
100.3-1 | Cerrobend
100.3-2 Cerrolow
100.4 Cerrolow
100.5 | Cerrolow
100.5% ; Cerrolow
100.7 Cerrolow
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' Table 6. Critical End Shortening of Pressurized Mylar Cylinders under
Axial Compression.
Specimen No. 20.4 Specimen Nu  20.3
F ALCP x‘f x:r h ;Cr f Tl-. A“Cl‘ ral‘l’ ok"l’ ° al" r
107 in F 107 i,
2.0 1.0% 0.26 0.01 0.0 0.0 0.u% a2 ['N1) 0.0-
0.040 1.30 0.42 0.014 0.003 0.039 1.2¢ 0.0 0.04 0,003
0.079 L40 0.38 0.02 0.006 0977 1.5% Q.34 v el 0.00¢
218 H [ C.03 0.009 0.116 1.40 ¢35 0.4 0.009
0.158 1.60 0.40 0.02 0.013 0.1%% 1.%% .39 0.01 2.012
0.i97 .70 0.42 0.02 0.016 0.194 165 .41 0.0 0.01%
0.296 1.90 0.44 0.05 0.0¢3 ©.¢31 1.% v.el ¢.c 0.043
0.384 2.00 0.50 0.0% 0.03) 2,588 .00 0.50 Q.04 [ 37}
0.49) 2.1% 0.54 0.06 V.39 0.485 210 V.8 o us 0.029
0592 2.20 v.55 0.07 0.047 0.se2 a8 0.5 0.04 0.046
L.691 2.2% 0.9 V.06 [FR111Y 0.679 2.39 0.98 0.06 U094
2,189 .40 0.60 0.09 u.083 0115 £4.40 0.60 0.06 0.062
0.986 .50 0.65 vl 0.u7y 9.%% 2.% U.62 0.7 v.077
1.184 21 0.68 [P | 0.U94 1163 2.7% 0.4y w2 0.092
L 3.08 0.7 004 0110 1.387 28 0.7l 0.1 9.108
1.578 ENE] e.19 0.21 0.12% 1.5%1 3.00 V.18 LN 0.128
L 330 0.4 0.2¢ 0.141 1744 s.28 X7 0.2 0.138
K13 140 0.90 0.3 0asr 1938 .48 0.8 0.8 0.134
2.367 4.20 105 0.45 0.188 2.328 3.9 0% 0.3 0.188
2he 40 TS .88 0.219 IR “s Lt on 0.218
Lty +.30 V.3 Q.72 0.250 1101 s$.10 .20 0.9 0.240
3,354 6.10 1.5 0.94 0.¢82 3.489 51 1.44 ['R1} 3.477
3.948 5.70 168 1.08 0.313 3476 698 ) 104 0.308
- e
Spacimen No. 0.6 ‘ﬂ
¥ | oL, 5" Iu " ¥ ¥
107,
0.0 ves 0.21 0.01 0.0
0.09 110 0.21 0.0) 0.00)
0.070 Lis .29 0.01 0.006
o.118 118 02y 10 0.009
0.158 1.0 c 30 0.0 Sty
0.197 138 0.34 0.0 0.0i6
0.298 1,60 v.40 0.08 0023
0.3%4 Loy 0.04 0.0¢ 0.031
0.4 (XN 0.49 0.08 0.0y
0.9%0 1.90 0.0 0.04 007
0.009 L 0.61 014 0.088
o.m? ) 0.43 oy 0.082
0.984 L 0.39 01y 0.0t
1,80 200 0.1 0,094
1317 .0 o.n 0100
1874 .20 0.00 0.128
1m 3.40 0.08 0.4
Y 160 0.0 0.1
PR .08 101 o187
1184 8 118 0.219
RRY ¥ L 0.480
(Y X 1.0 c.a0
I +e0 L0 V.12
.
0 cee 3 v - : \ N o _—
] . [ ~‘,-‘ ’ of R Je ' . \ ke
“ - . . . . \ S . . f . L4 - . " ) .

- . - Rh . . . R S bv“, . o ) ;
Sy W, e gm.'.;‘“n\ - ~ -y oaaw ™ N A M P S e Yo -~ iy O LT
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)
) ‘ Table 6. Continued
[ Specimen No. 10.5 —] Spacimen No. 30.6
k
P ALy l:r U” - ;cr 7 F Sy 'cr xcr N ;cr ¥
x10 mn. ’J x10™*1a.
0.0 1.80 0.0 0.04 0.0 ! 0.0 1.40 0.23 0,04 ¢.0
0.042 2.00 0. 0.0 0.004 I 0.041 1. 80 0,30 c.o8 0.004
0.84 2,20 0.37 0.01 0.008 | 0.082 1.95 0.32 0.04 0.007
‘ 0.168 2.38 0.9 0.0 o.018 0.164 2.30 0.33 0.08 0.01%
¢ 252 2.50 0.42 0.01 0.023 0.246 2.60 0.43 0.08 0.022
0.335 2.90 0.48 0.08 0.030 0.328 2.90 .47 0.07 0.0%0
0.419 1,10 0.52 0.07 0.038 0,410 3. 00 .30 0,08 0.037
0. 503 228 0.5¢ 0.0? 0.348 0.492 3. 28 0. 54 0,08 0048
_ 0.58% 3. 40 0.57 0,08 0.0%3 0,574 3.40 0.7 0.07 0.082
, 0.671 3,60 0.60 0.09 0,061 0. 658 3.88 0.3 c.co 0. 060
0.78% 170 0.62 0.70 0. 069 0.737 3. 65 0.61 0.09 0.067
. 0938 3,88 0. 64 6. 11 0.076 0.019 s 0.64 0.1 0.07¢ '
- 1. 006 41 0.69 0.18 0.091 0.983 w2 0.70 014 0.8y
1174 4.30 0.7 0.17 0.107 1,147 448 0.74 0,16 0. 104
1. 342 410 L] 0.21 0.122 L3 a0 0.00 0.2t 0.119
1,509 4.9 0.82 0,25 0.137 1478 5,10 0,85 0.2% 0,134
i 161 518 0.8 0.27 0.152 1638 At .t 5.0 B
1. 848 538 0.89 0.29 0. 188 1 803 5,65 0.94 0.34 0. 164
FL 6.3 1.0e 0. 42 0.198 2130 6.28 1.04 0.4 A 194
PRI 718 119 0.58 0. 229 1.450 6.95 116 0.5% 0. 223
PRI e L 2.1 8. 20 1,788 L2 LORE O Y 010 2, 28)
3. 1A 9.1% 1.82 .92 0.290 3113 01 | 146 u. 88 0,203
. I v 822 10.08 160 10w 0.320 3441 9,00 1.6% (13 0.332
L. i —
Specimen No. 30.7
J AL, ':r LA 7
W %07} 1a.
* 0.0 140 0.30 0.0 0.0
0.062 213 036 0.0¢ 0.004
’ 0.082 2.20 0.3 0.04 0.007
0. 184 .68 0.4 0.06 0. 018
N 0,248 2.9 0.49 0.09 ©.023
0 e ALY 0.92 0. 04 n. 030
0.411 3.4 0.57 0.1l 0,037
0,493 3.8 0.99 0,10 0,048
0.516 3.63 0.61 0,11 0,082
) 0.458 318 0.62 0.1 0. 060
0. 140 [ 0,63 0.11 0.067
. 0.2 39 0. 66 0. 14 0,018
v (X" “e 0.7 o1y 0. 090
(PR ) 4.7 0.7 0.2 0. 108
13N " 0.9 0.23 0,130
1.450 .08 0.84 0. 26 0. 13%
1,448 $.5 0.0 0.%0 0.1%0
- 1.009 [ 5] 0.9 9.9 0. 144
138 [ % 1] 1,06 0.4 0. 1%
147 .1 113 0.82 0.2
1.1 18] L 0. 66 0.284
* 3l [, ] 1.48 0.4% 0, 168
5. 404 9.40 1.40 0.9 0.3l
POV
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Table 6. Continued

Specimen No. 50. 4 Specimen No, 0.8
P aL,, S S er 7 2 aL., L berTer v
10" 1. 1073 In.
[} .78 0.28 9.02 [} 0 3.00 0.3 0.02 [}
0.03! 328 0.32 0.01 0.003 0.032 3.98 0.39 0.01 0.003
0.062 3.48 0.34 [ 0.007 0.043 4.00 0.40 001 0.007
0.0% 3.1 0.38 o 0.010 0.09% 4.15 0.42 0 0.010
0.128 410 0.4 [ 0.013 2127 4.40 0.44 [} 0.014
o.188 453 0.46 0.01 0.020 0.190 4.95 0.80 0.02 0.020
0.2%0 .93 6.50 0.02 0.027 v.254 .30 0.53 0.02 c.02r
0.313 518 0.52 0.03 0.034¢ 0.317 5.40 0.5¢ 0.02 0.0%4
0469 | ™ sae0 0.58 0.07 0.051 0.478 $.70 0.87 0.02 0.001
0.623 6.30 0.63 0.10 0,067 0.434 598 0.60 0.04 2.008
0.782 ¥ 0.68 0.14 0.084 0.792 .28 0.62 0.08 0.08%
0.9% "2 0.12 0.15 0.101 0.95) .69 0.66 0.00 0.102
1.6 7.60 0.76 ENT) 0.118 1.109 7158 0.72 .13 0.1:0
1.181 820 0.2 0.24 0.138 1.268 .68 0.76 0.17 0137
1.483 (R} 0.08 0.29 0.160 1.50% .60 086 | o 0.162
1.698 (XY 0.9¢ 0.36 0.103 1.718 9.78 0.9 0.38 0.188
1,904 10,30 .03 0.43 0,208 1.933 10.78 1.08 0.48 0.208
2148 11.0% 1.10 0.50 0.218 2.147 .18 238 0.3
2002 13.38 134 0.4 0.274 .87 13,18 0.717 0.2
2986 | 680 | 168 1.64 0.320 3.008 17,08 010 0334
[ 3300 I 19.38 1.04 L 0w | .39 20.30 1.43 0,373
l 3013 !L 21240 126 163 0.411 J 3.008 1340 L7 vl

Specimen No. 30. 4

cr
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Table 6. Continued
e
Specimen 79.3-1 Specimen 79,3-2
= _—— = —- =
2 ak ., L. LRSI 4 ® cr L er %er 4
1073 1 1073 In.
[} 5.2 0.33 0.06 2 0 6.2 0.39 0.03 0
0.02¢ 5.8 0.3 0.06 0.004 0.02) 6.1 0.42 0.01 0.003
0.087 u.? 0.42 0.06 0.007 0.0%?7 1.2 0.46 0.03 0.007
u.lle 1.3 0.46 0.06 0.014 0.114 1.6 0.48 0.02 0.014
~ 1 017 14 0.48 0.0% 0.021 0110 1.9 0.5%0 0.02 0.021
0.228 1.9 0 50 0.04 0.029 0.221 8.2 0.52 0.03 0.028
0.342 9.0 0.37 0.08 0.043 2.340 [ 8-} 0.54 0,02 0.043
0.450 9.9 0.63 0.11 0.087 9.454 .8 0.56 9.03 0.057
9.618 W4 0.6b 0.12 0.078 0.461% 9.5 0.60 .98 0,027
0.173 11.3 0.73 0.18 0.097 0.769 10.8 0.68 0.12 0.09¢6
0.928 (R 0.75 ¢.19 a.116 0.923 11.¢ 0.72 0.16 0.156
1.23? 13.2 0.84 2.26 0.155 L.z2n 13.4 0.85 0.27 0.154
1.346 153 0.97 0.39 0.194 1.938 5.8 1.00 0.4} 0.1%3
1858 1R 1.16 0.56 0.233 1.846 7.7 112 0.52 0.232
2.16% 20.3 1.2¢ v.o8 0212 2.1%4 1.0 1.9 0.7 0.270
2.474 4.7 1.5 0.96 N0 (3 7] 5.2 1.60 1.00 0.3%09
2,703 %4 1.06 1.2% 0.349 L.769 .1 1.90 LY 0.047
y.c92 354 2.24 1.6¢ 0.308 1077 IR 2.21 L.62 0,386
440| 4.1 2.60 2.01 0.427 RS 1) 40.4 1.% 1.9¢ 0.423
Specimen No, 79. 4
b AL:r ur Lf'. icr ¥
1073 tn.
0 3.9 0.37 0 ]
0.024 6.3 LRV 0.01 9.00)
9.080 [3%4 0.4 .00 0.008
0.1 1.0 0.44 2.0 0.018
0.181 1.4 0.47 0.02 0.03)
0.241 1.9 0.9¢ 040y 0.030
0.3¢2 [ ] 0.3 0.04 C.048
0.402 9.2 0.5 0.07 0.080
0.634 (L8 0.6 on 0.002
o4t 11,3 0.1 0.17 0.10)
0.981 12,4 2.1 9.2 n.12)
1.308 13,7 0.7 0.3 0.164
14638 1% 0.99 0.40 0.308
1.9%2 19.% 1az oan 0.246
3.009 5.4 1.49 [N 0.28
K1Y ] .2 118 117 0,329 |
1.943 "ne 113 1.92 c.309 |
3340 3.8 1.46 1.09 0.410 ‘
Qs |‘
' P N v ———an - .
\_’ N ‘.’ \ . . - A
. . ' I ’ d\\ -
[ . . » \e (s
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i Table 6. Concluded
Specimer. No. 100.4-¢ __1 Specimen No. 100.4
OO I B R B N S B U
107 10t [
.0 LA 0.44 ¢.0 0.0 v.0 6 4 ‘{ 0.32 0.02 0.0
U.08% 9.5 Q.48 0.0 0.007 0.05¢ 8.4 0.42 0.04 0.007
.10 9.9 .50 0.0 0.013 0.108 92 0.46 0.04 0.015
0.220 10.8 0.54 0.02 0.03¢ 0.216 104 0.52 0.04 0.029
0.329 1.2 0.%6 0.02 0,045 323 T4 Q.57 Q.05 0.044
¢.49 11.8 .39 0.03 0.000 0.431 12.2 0.61 ¢.07 0.058
0.6%7 12.8 0.64 v.o7 0.089 G.o47 1).8 0.69 91 0.088
0.a70 14.6 0.7} ¢.15 9.119 U.86) 1546 Q.18 0.19 0117
1.098 16.6 0.83 0.24 0.149 1.078 16.8 084 0.24 U.146
W37 1.8 0.94 0.35 0179 1.294 19.2 0.96 .4 0.17%
1.837 1.4 1.07 0.47 0.209 1.509 214 1.07 0.4 0.208
1.756 234 L 0.%7 ¢.238 1.72% 2) 4 L 1% Q.234
1.371% 4.8 e nLT 0268 1.94¢ e iée 0.47 .26)
2.1% 10.4 1.%¢ 0.9« v.298 &.15¢ 29.8 1.49 [N 1) 0.29}
2.41s (RN} 1.68 1.08 (71 ] e e 1.6 1.09 0.327
2.03% | (LN 1.9 133 G358 2.388 1.4 .92 (IR T 0.3%1
e
Specimen Nu. Im),su
; ALCI’ E\.!‘ 5(' ° ':r 7
!0‘l n.
—
0.9 6.2 0.41 9.1 0.0
0.0%8% a8 0.44 2,01 0.007
0.109 6 Q.4 0.0} 0.01%
0.219 100 0.%4 0.08 0.010
9.328 e 0.58 0.06 0.04%
0.437 126 [ X3 008 0.099
0.6%% 14.0 .10 R} ©.009
0874 15,8 0.1 0.40 0.1y
1.99) i1 4 v.ar 9.28 LAY )
i3k 192 0.9 [ =1} .18
1.330 i 1.04 0.4 0.408
L.749 332 Lié 0.3 [X§))
1.9 2.2 (1) on 0.267
1.106 1.8 1.4y oun 0.4
2.40% 34 1.1 [E) V.326
. bdd L H J - l I L}
[}
»
s . ! .' ‘ K . . . . .
. “ Fie . v ) ' ' . ’ T
i ¢ » . * A L3 y
. Al 4k WENAASEESSSFEE DU R ) A ahiShn b b DN
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Table 7. Experimental Data for Minimum Stress Coafficient for
Pressurized Mylar Cylinders in Axial Compression

mmun No. 20.4 ] |__Spec.men No. 20.5 Specimen No. 20.6
P min ?min ® pmin ;min P pmin ;min
1b 1b 1b
0.0 2.3 0.125 0.0 2.2 | 0.118 0.0 2.4 0.13¢
0.040 3.2 0.174 0.039 3.2 1 0.171 0.03% 3.3 0.179 q
0.079 3.7 0.201 0.077 3.9 | 0.208 0.078 4.0 0.218
0.118 4.1 0.223 0.116 4.3 | 0.230 0.118 4.4 0.239
0.158 4.8 0.261 0.155 4.8 | 0,257 0.158 4.9 0.266
0.197 5.3 0.288 0.194 55 | 0.294 0.197 5.5 0.299
n.296 5.9 0.321 0.291 6.2 | 0,332 0.295 6.2 0.337
0.394 6.3 0.343 0.388 6.7 | 0.358 0.394 6.7 0.364
0.493 5.8 0.370 0.485 7.3 | 0,390 V. 49¢ 7.2 0.391
0.592 7.4 0.403° 0.582 7.6 | 0.406 0.5% 7.5 0.407
0.691 1.8 0.425 0.679 7.9 | 0.423 0.68" 7.9 0.429
0.789 3.1 0.44! 0.775 8.1 | 0.450 0.787 8.1 0.440
0.986 8.7 0.473 0.969 8.8 | 0.471 0.984 8.8 0.478
1.184 9.4 0.511 1.163 9.4 | 0.504 1.180 y.4 0.511
1.381 9.7 0.528 1.357 9.8 | 0.525 1.377 9.7 0.526
1.578 10.0 0.545 1.55% 10.1 | 0.841 1.574 10.0 0.544
1,775 10.3 0.560 | | 1.744 10.4 | 0.557 1.1 19.2 0.554
L9n 10.5 0.571 1.938 10.6 | 0,569 1.9¢7 10.4 0.565%
2.367 10.6 0.577 2.326 10.8 | 0.579 2.361 10.6 0.576
2.762 10.7 0.582 2.714 11.0 | 0.589 2.75%4 10.8 0.587
3.156 10.8 0.588 3.101 11.1 | 0.994 3.148 10.9 0.592
3,551 10.9 0.593 3.489 11.2 | 0,600 1,54] 11.1 0.603
3.945 10.9 0.593 3.876 1.2 O.OOOJ 3.935 11.1 0.603
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Specimen No. 30.5 Specimen No. 30.6 | Specimen No. 30.7
P rpmin Fmin ? Proin | “min P Frin | “min
1b 1b ) 1b
0.0 I 5.4 | 0.125| 0.0 5.2 | 0.118| o0.¢ 5.3 | 0.120

- 0.042 ‘ 8.3 | 0.192| [0.041 8.3 | 0.188' 0.042| 8.2 | 0.186
0.084 . 10.7 | 0.248| |0.082 | 10.8 | 0.244% (.082 | 10.8 | 0.2z45
0.168 | 12.6 | 0.292| l0.164 | 12.6 | 0.285! 0.164 | 13.4 | 0.304
0.252 . 14.0 | 0.324! 10.246 | 13.7 o.noi 0.248 | 14.6 | 0.332
0. 335 ' 15.5 | 0.368 !0.228 | 15,5 | 0.350' .0.329 | 16.2 | 6.368
0.419 | 15.8 | 0.389| jo.410 | 16.8 | 0.300! o411 | 16.7 | 0.37
0.503 | 17.4 : C.403 | [0.492 | i%.5 | 0.351 0.493 ) 17.8 | 0.397
0.587 © 18 2 | 0.421| f0.574 | 18.3 | 0.414! 0.576 | 18.6 | G.422
0.671  19.1 i 0.441| l0.655 | 18.7 | 0.423 0.¢58 | 196 ‘ 0. 445
0.755 © 19.7 | 0.455| [0.737 | 19.4 | 0.439 ) ©0.740 | 20.0 | 0.454
0.838 . 20.7 f 0.479 | '0.819 | 20.6 | 0.465] 0.82. | 20.6 | 0.468
1,006 21.7 ! 0.502! 0.983 | 21.6 | 0.438| 0.987 | 2.7 i 0.492
1174 - 22.6 ) 0.523 | 11147 | 22.6 | o.s10| 1.1s1 | 22.7 1 0.818
1. 342 l 23.2 | 0.548 :1.311 23.1 | o.821 ;x.au 23.0 l 0.522
1.509 | 23.7 | 0.348 | .1.475 | 23.9 | 0.540 11.480 | 23.8 | 0.334
1.677  24.4 | 0.564 ix.eso 24.5 | 0.334 ix.us 24.3 | 0.881
1.845 © 24.7 | 0.571| '1.803 | 24.7 | 0.558| 11.809 | 2¢.6  .558
2.180 . 25.2 | 0.582| .2.130 | 25.4 | 0.574 12,138 | 28.1 | 0. 579
2.516 . 25.5 | 0.597 | |2.458 | 25.7 | 0.581 12.467 | 28.6 | 0.581
2.860 | 25.8 | 0.596 l2.788 | 26.1 | 0.590| '2.796 | 26.2 | 0.998
3.186 ' 25.9 | 0.999| '3.113 | 26.2 ! 0.592] |3.128 | 26.5 | 0.601
3522 28.9 o.wpl '3.441 | 26.2 ] 0.592| 13.434 | 26.3 | 0.597
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Table 7. Continuea

———— .. -

Specimen No. 50.4 Specimen No. 50.5 _ Specimen No. 50.6

P l:'min “min P 1:,min “min P pmin ! 'min.
' 1b . 1b 1b ;
0 13.5 o.117 0 I 14.0 0.122 0 13,1 0.1!3|

0.187 0.931 16.8 0.144
0.208 0.062 21.2 0.182
0.232 0.093 | 23.8 d.204

0.031 | 20.5 ' 0.177 0.032 | 21.4
0.062 | 24.4 | 0.210 0.063 | 23.8
0.094 | 27.9 | 0.240 0.095 | 26.6
0.125 | 29.8 | 0.287 0.127 | 28.9 | 0.252( |0.124 | 26.1 | 0.224
0.188 | 31.9 | 0.275 0.190 | 31.7 | 0.277] |o.187 | 31.1 ! 0.267
0.250 | 34.4 | 0.297 0.254 | 34.3 | 0.300| |0.249 | 345 : 0.296
0.313 | 37.1 | 0.320 0.317 | 34.8 | 0.304]| lo0.311 | 3.7 | 0.5
0469 | 42.8 | 0.369 0.475 | 41.3 | 0.360| |0.467 | 41.9 | 0.389
0.625 @ ¢7.7 | 0.411 0.634 | 45.8 | c.400| |0.623 | 47.3 | 0.408
0.762 | 52.4 | 0.451 | [0.792 | 50.9 | 0444 0.7i8 | 536 | 0.460
0.938 | 54.9 | 0.473 | [0.951 | 53.4 | 0.466| [0.93¢ | 5358 | 0.479
. 1.094 | 57.8 | 0.498 1.109 | 56.4 | 0.492 1.090 | 60.4 | 0.518
PO 1.251 | 1.2 | o.s28 1.268 { 60.2 | 0.526 1.2¢6 | 61.0 | 0.524
1.483 | 62.3 | 0.537 1.503 | 63.9 | 0.3s8 1.4717 | 65.9 | 0.564
1.695 | 671.5 | 0.381 1.718 | 65.0 | 0.568 1.688 | 67.6 | 0.580
1.906 | ¢8.1 | 0.587 1.933 | 5.3 | o0.870 1.899 | 67.4 | 0.579
2.118 | 68.8 | 0.593 2.147 | 68.0 | 0.594| {2.110 | 67.9 | o.582
2542 | 69.8 | 0601 | |2.577 | e8.6 | 0.599| |2.532 | 69.4 | o.%98
2.966 69.9 | 0.602 3.006 63.8 | 0.600 2.9%4 63.8 | 0.%90
3.389 | 69.8 | o0.601 3.43 | 69.0 | 0.602 31376 | 69.3 | 0.594
3.813 | 70.1 | o0.604 3.865 | 68.4 | 0.597 3.79 | 710.2 | 0.603

——— e i st et e . e i
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_ Specimen No. 79.3-1

Table 7. Continued

|_Bpecimen No. 79.3.2

1
i

r

Specimen No. 79.4

P

Pmin

1b

’nﬁn

P

P
1b

min

'min

P

Pmln
1b

a’mln

0.029
0.057
0.114
0.171
G.228
0.342
0.45¢
0.618
0.171)
0.928
1.237
1.346
1.035
2.188
2.474
2.783

41

57

69

8.

90
100
112
123
138
149
158
170
177
186
189
188
188

0.129
0.179
0.216
0.254
0.283
0.314
0.352
0.387
0.434
0.468
0.496
0.534
0.536
0.584
0.594
0.591
0.591

g.023
0.057
0.114

'0.170
10.227

0.340
0.454
0.615
0.769
0.923
1.231
1.538
1.846
2.154
2.461
2.769

39
54
67
78
87
95

109

119

133

147

153

168

173

182

186

188

189

0.123
0.170
0.210
0.245
0.27)
0.298
0.342
0.374
0.418
0.461
0.481
0.520
0.559
0.571
0.584
0.590
0.594

0.024
0.060
0.121
0.181
0.241
0.362
0.482
0.654
0.817
0.981
1.308
1.538
1.962
1.209
2.61%
1.943

7}
49
61
3
87
91
106
1Y
133
141
145
160
166
173
177
I
1717

0.127
0.163
0.203|
0.243;
0.290}
0.303
0.383
0.39¢
0.444
0.470
0.483
0.533
0.854
0.576
n.590
0.590
0.99%0
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'
Table 7. Concluadea
.*--1 e e UV — - -
00.3- . . .
P i § F 0—3 2 §g-ec£me:'ﬂo 130 4 __Specimeg No 10%5

4 min “min P min | "min P pmin 'min

1» 1b 1b
0.0 58 0.13¢ 0.0 62 0.136 0.0 59 0.131
0.055 89 0.199 0.054 99 0.217 0.055 90 0.200
\ 0.110 104 0.232 0.108 109 0.2139 0.109 109 0.242

0.220 127 0.284 0.216 131 0.288 0.219 133 0.296
0.329 143 0.320 0.323 149 0.327 0.328 154 0.342
0.439 160 0.357 0.431 in 0.3715 0.437 167 0.372
0.657 160 0.416 0.647 204 0.448 C.656 196 .46
0.478 210 0.469 0.863 221 0.408% 0.874¢ | 215 0.479
1.098 r2 3 0.494 1.078 232 0.510 1.093 228 0.508
1.317 234 0.523 1.29¢ | 24} 0.533 1. 237 0.527
1.537 | 247 0.551 1.509 ; 280 0.549 1.530 7 0.550
1,756 | 2%2 0.36) 1.728 255 0.%60 1.74% | 19) 0.56)
1.976 158 0.570 1.941 262 0.5715 1.968 | 2564 0.570
2.196 | 261 0.583 2.1%6 248 0.582 2.186 | 264 0.587
2.41% 261 0.58) 2.312 266 0.%8¢ 1.408 268 0.596

1.6351 262 | 0.548 2.580 268 0.3588 2.624 | 264 0.587

1 ]
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Figure 15. Taet Setwp for Internally Pressurised Cylindere
_ in Axial ression
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. ) VII. PRESSURIZELD TRUNCATED CONFS UNDER AXIAL
¢ - COMPRESSION

Theoretical results for simply supported preasurized conical shells
under axial compression (Reference 31) show that the axisymmetric bucki-
ing coefficient is a function of an internal pressure parameter and of a
. parameter containing the semivertex angle and the ratio of the small
radius of curvature and the wall thickness. For sufficiently large pres-

sures; i.e., for

: ‘ . ,3(l-rv2)__ {{Rl/coa all Y (8)

t !

the total axial load carrying capacity of the ccnical shell is given by

[} " :]1/2 /
. SR B ey [ieros V3 (9)
Et cos a
.. where
* r a1 Ve 2
g= (1201 - vy "1/cos a cot “e
- T

Calculated buckle patterns indicats thuat as the pressure increases the
u‘ buckle deformations become confinud to the small end of the cone, since

this is the only part of the cone in cornpr=ssion.

The experimental results obtained from a relatively sraz!! number
of tests invesi.gating the predict.d increase in net load carrying capacity,
based on the .mall cross-section of the cone, are given in Table 8 and
) are compared with theoretical calculations in Figure 27. It can be seen

tha! the predictions of the small-deflection theory are quulitltivoiy veri-
fied, in that cones withk lower valuer vl the geometry parameter [ appear

to yield larger net buckling load cce.licients as a function of the pressure

-
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parameter and, for sufiiciently large presscc-es, the buckling load
coefficients increase linearly with preasure. It will be noted that in many
cases the net buckling load coefficient is larger than the thecretically
predicted value. The theoretical vaines are suspect, however. Since the
buckles occur very close to the small end of the cone, it can be expected
that a rigornus analysis, taking into account the clamped end condition and
the variation of the meridional stress from that giver by membrane theory
and experiment is not very serious, however; therefore, the present
theuretical valucs c2n be used as an estimate of the load carrying capacity

of conical shells for values of the pressure parameter greater than unity.

The observed buckle patterns (see Figure 28) vary with internal
pressure in a manner s.nilar to that {or cylinders. It {ollows then that a
comprehensive experimental program should include an investigation of
the effect of the ratio of the small radius of curvature to the wall thick-

ness on cones having given values of the geometry parameter {.

It ia also obvious {rorn the results that the stress state beccmes
plastic n-nr the ends of the specimens under sufficiently high pressures,
as indicated by the drop-off in net buckiing load for some rpecimens.
Thus, the benefits of pressurisation are limited by the onse. and elivieis
of plasticity, which are dependent on the plastic behavior of i..e particular
m.nar'ml used. The tast results of Reference ¢ for high strength stainless
steel specimens are in good agreemont with those of the presert repzrt,
but do not cover a large enough range of pressure to verify the theoretical
increase in net load carrying capacity over that for the cylinder for large
pressi.rea. It has been noted, however, both in the present results and in
those of Reference &, that cones sppear to be relatively stroager than
cylinders in th~ low pressure range. The rosulte of Reference 32 appear
to be considerably lower than those of the present paper. It is difficult to
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:ffect a direct comparison since the test reeults tabulated in Refcrencs 32
contradict the revults given yraphically. Since the load level never reached
the theoretical value, even at relatively high pressure, the cones are con-

cluded to have been of inferior construction.

s

»

. oo .




STL/TR-50-0600-19425

Page 99
Table 8. Experimental Data for Preuurized lear Cones under Axial
Compression
- z z >
t Ry E __Z_P b W (R N n) P-R'p Jeos oY
(in.} {in.) ¢ (pei) 2vEt” cos“a z-nz cooz e i U
{a) a = 20°
0,005 | 2.18 11,600 | 693,000 0.229 0.000 0,535 0,540
0,275 0.033 - 0,602 0.622
0.310 0,062 0.615 X
0,328 0,093 0.630 0.746
0.4%8 0.124 0,648 0.809
0.482 0.156 0.657 0.671
0.473 0.187 0.675 0.933
0.493 0,218 0. 696 0.995
0.496 0.249 0. 699 1.057
0,498 0,280 0.7:8 1.119
0. 508 0.311 0.728 1,162
0.518 0.342 0.730 1.244
0.521 0.373 0. 746 1.306
0.534 0.404 0,751 1. 363
0.550 0.435 0.7%2 1.431
0,557 0.467 0.756 1.493
0.564 0.498 0.7%9 1.558
0.005 | 2.17 11,500 | 704,000 0.193 0. 000 0. 526 0.664
0.236 0.030 0.543 0.724
0,261 0,060 0. 560 0,785
0,281 0.091 0,569 0.845
0.287 0.121 0. 381 0.906
¢. 306 0.151 0.591 0.966
9,322 0.161 0.595 1.026
i 0.339 0,211 0.612 1.087
0.354 0. 241 n.629 1,147
0. 368 0.272 0.636 1.210
0.378 0.302 0. 647 1.263
0,393 0.332 0.655 1,328
0.413 0.362 0,467 1.389
0.424 0.392 £.£69 1,449
0.436 0,422 0. 585 1.509
0.450 0.453 0.707 1.460
0,465 0,483 0.752 1.811
0,486 0,543 0.730 1.962
0,507 0.603
0.005 | 2.89 15,300 | 657,000, 0.217 0,000 0. 657 1.088
- 0. 387 0.054- 0. 678 1.19¢
0,427 0.109 0,688 1.300
0.410 0.162 0.701 1411
0.409 0.217. .72 1. 510
0,443 0,271 0,727 L
0.412 0,326 0.7% 1.1
0.399 0. 380 0.7 1.848
0,460 0,434 0.751 1.953
0,522 0,488 0.758 X
0,546 0.543- 0.770 17
0. 862 0,597 0.7M4 2,
0.579: 0. 651 0.191 ~2.38
0.598 0.708 0. 789 .4%
0. 603 0.7 0.796 z,808
0.616: 0,814 . 94 .73
G, 625, 0.868 0.783 .98
0,649- 0,977
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Table 8. Continued
P-wR} p.wr? \2
. R, E y P R,/cos a 1 P R'Icol‘)'
P e 2 e Sy 24
(in.) (in.) ¢ {pet) 2eEt” cos” a £ L 27Et° cos“ a { L
=
{a) a s 20°

0.005 | 2.93 15, 600 700,000 0.276 0,000 0,045 1.00)
0,366 0.056 0.67% 1,113
0.407 0.111 0. 651 1.124
0.429 0.187 0.711 1. 338
0,466 0.223 0.714 1. 646
0.502 0.278 0.734 1.558
0.514 0.334 0.751 1.668
0.528 0.389 0.758 1.789
0.550 0,445 0,769 1.891
0.553 0.501 0.795 z.114
0.566 0.356 0.791 2,228
0.580 0.612 0.804 2.33%
0.594 0.667 0. 808 2.448
0,594 0.723 0.813 2.559
0.599 0.779 0.808 2.670
0,615 0.834 0. 804 2.781
0. 626 0.390

0.005 | 1.46 8,260 | 704,000 0,289 0.000 0.421 0.220
0,377 0.014 0.426 0. 247
0.409 0.027 0.340 0.278
0.410 0.041 0.451 0.302
0.421 9.088 0.461 0.330
0.426 0.069 0.479 0. 387
0.430 0,082 0.409 0.5
0.438 0.096 0. 506 0.412
0.438 0.110 0,509 0.440
0.425 0.12¢ 0.514 0.467
0.429 0.12¢ 0.517 0.498
0.434 0.137 0,554 0.522
0.430 0.151 0, 566 0. 549
0.429 0.165 0.573 0,577
0.423 0.179 ¢. 581 0. 604
0.41) 0,192 0.574 0..:2
0,412 6. 192 0. 580 o.
0.419 0.206

0.005 | 2.93 15,600 | 700,000 0.216 0.000 0. 637 0.879 -
0.451 0.055 0.653 0.989
0.495 0.110 0.6%9 1.099
0.514 0.165 0.674 1.209
0.532 0.220 0.679 1.319
n. 357 0.27% 0. ko 1.4.8
0. 568 0.330 0. 699 ]
0.574 0. 385 0.714 1.648
0. 584 0,440 0.721 1.758
0. 594 0.49¢ 0.727 1,867
0. 605 0,549 0.738 1.978
0.612 0. 604 0.746 2.008
0.623 0.659 0,747 2.198
0,621 0.714 0.753 2.307
0,622 0,769 0.769 417
0. 627 0.824
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Table 8. Continued
*® 4
' R, & P-wyp (fcos ¥
{in.} {tn.) 4 {pat) ekt 98" a i [
(b} o= 30° .
. - - e
0.0101 1.56 ! 1 690,000 0,376 0.000 0.50% 0.209
0.413 0.643 0.511 v.c1y
0.422 0.030 0.836 0.268
0.438 0.040 0.5 0.299
0.45) 0.089 0.5%2 0.329
0.469 0.117 0.5%6 0.3%%
0.481' 0.149 0.56% 0.389
C.494 0.179
[.X:31-11 1.6 1170 690,000 0.240 0.000 0.930 0.299
0.410 0.030 0.541 0.32¢
0.421 0.060 0.550 0.339
0.432 0.089 0.562 0.309
0.9} 0.119 2875 0419y
0.456 0109 0.583 0.448
0.47% 0.179 0.%93 0.478
. 0,489 0.204 0.599 0.508
0.506 0.2 0.602 0.538
0.520 0.268
6 o100 1.56 1790 690,000 0.357 0.000 0.673 C.i98
0.566 0.263% 0.6)38 0.904
0.652 0.533 0.563 064
0.683 0.692
0.0100 1.56 1790 690,000 0.289 0.000 0.583 0.329
0.362 0.030 0.964 0.359
0.375 0.060 0 570 0.389
0.402 0.089 0.584 2.419
0.428 0.119 0.598 0,448
0.455% 0.150 0.604 0.4y
0.477 0.180 0.607 0.508
0.494 0.210 X 111 0.538-
0.512 0.23%9 0.633 0.59%
0.524 0.269 0,635 628
0.542 0.299
©,0095 1,57 1890 690,000 0.415 0.000 0,720 0.801
0.457 0.088 c.73 0.880
c.313 Q.178 0740 0.920
0.55¢6 0.266 0.750 1.068
0.596 0.3% 0.75) 1.188
0.626 0.443 .12 1.247
0.68y 0.53¢ 0.121 1.3%
0.686 0.62% 0.708 1.623
0.705 0.71Y 0.672 1.51%
n -
0.0078 $.32 2010 799,000 0.327 0.000 0.411 0.093
0,328 0.00% 0.414 0.103
0.358 0.010 0.416 0.114
0.361 0.016 0.422 0.124
0.367 0.021 0.432 [ X8
0.368 0.02¢ o4 0.148
0.3712 0.01 0.4%0 0.1%%
0.374 0.036 0.45¢ 0.13%
0.379 0.041 0.4¢0 0176
833 0.u6 0.467 186
0. 0.082 0.473 0.197
0.387 0.087 0.477 0.307
0.302 0,062 0.483 0217
0.396 0.087 0.491 0.220
0.398 0.0m12 0.493 .28
0.402 0.071 0.502 0.348
0.406 0,083 0.504 0.238
0.0075 1.39 ‘210 798,000 0,354 0.000 0.488 0.103
0.306 0.008 0.443 0.114
0,354 0.013 0.472 IRH
0.310 0.017 0.478 0.13?
0.373 0.033 0.408 0148
0.3718 ,039 0.498 0.140
0,381 0.03¢ 0.501 0.7
0.383 0.040 0.510 0.182
0.393 0.044 0318 0194
0.393 0,081 0.322 ©0.208
0.4u2 0.087 0.537 0217
0.402 0,063 0.538 0.220
0.404 0.068 0.343 0239
0.406 0.074 o3 0.181
0,408 0.080 0.044 0162
0,050 0.004 0.549 0.874
460 0.091 0.55% [
0.0075 1.87 2400 770,000 0.388 0,000 0.578 [X3:] |
0.387 0.024 0,397 mn
. 0.402 X 508 o430
0.432 0,093 0.620 ¥
0.472 0,143 0.649 0.32%
0.506 0.194 0.62% o8y ¢
0.53% 0.239 0019 €.
- 0.340 0.206
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Table R. Continued

- e e e g i .
" . |8 -llxp i(ll'lml q‘}‘- P. -R“, E(.'l“. -f
v 23K run” e

({19 {in.} i ipat) lvﬁl’ p.lI L]

& - 30°

0.007% 1.97 2400 170,000

0.0078 2.07 0 710,000

©.007% 2.07 b M 14 770,000

0.0078 2.01 360 770,000

0,007% T 3220 793,000

0.007% 2.1) %0 799,600

0.0089 2.43 3470 725,000

00640 4 729,000

0.,0073 1.84 43460 193,000
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2 ... 2
t Ry E Porhe yfcos e Po®ye R /cvs o)
put St ——r

{in.) [{LH] [3 (psl) 2eEt” cos” s i t 23E2" coe i [ }
(b) a « 3° ~° . ..

0.007% .90 4430 | 793,000 0.436 V.000 0.618 0.452
0.477 0.025 0.623 0.502
0.502 0,050 0.637 0.532
0.509 0.07% 0.664 0.602
0.516 0.100 0.667 0.653
0,532 0.126 0.671 0.703
0.542 0.151 0.674 0.783
0.543 0.176 0.683 0.803
0.556 0.201 0.694 0.853
0.562 0.226 0.699 0.904
0.573 0.251 0.702 0.954
0.576 0.276 0.706 1.004
0.582 0.301 0.709 1.054
0.588 0.326 0.7117 1.104
0.5899 0.351 0.716 1.18%
0,601 0.376 0.729 1.208
0.607 0.402 0.727 1.28%

0.0080 2.04 4110 50,000 0.212 0.000 0.593 0.473
0,337 0,082 0.613 0.525
0.337 0.104 0633 0.577
0.433 0.158 0.653 0.630
0,503 0.262 0.668 0.683
0.527 0.315 0.672 0.736
0.553 0.367 0.676 o788
0.569 0.420

0.0050 2.10 4810 662,000 0.271 .000 0,891 0.640
€346 0.036 0.600 0.711
~0.439-- 0.071 0.611 0.782
0.452 0.107 0.623 0.853
0 462 0.142 0.634 0.92¢
0.412 0.178 0.647 0.995
0.478 0.253 0.692 1.066
0.491 0.249 0.701 1,137
0.485 0.284 0.704 t.208
0.507 0.320 0.713 127
0.512 0.355 0.12¢ 1.350
0.523 0.391 0.738 1.421
0.52a 0.426 0.748 1492
0.551 0.462 0.753 1.562
0.559 0.497 4.748 .03 !
0.573 0.533 0./48 1.705
0577 0.569 0.718 . 1.777

T

0.0030 1.55 5920 775,000 0.134 0.000 0.620 0.783
0.215 0.049 0.628 0.581
0.345 0.098 0.641 0.979
0.415 0.195 0.622 1176

. 0.488 0.294 0.655 1.370
0.504 0.392 0.582 18557
0.546 0.489 0.691 1.762
0.58% 0.507
0.620 0.686

0.0050 2.82 6430 718,000 0.228 0.000 0.656 0.747
0.396 0.059 0.662 0826
0.458 0118 .670 0885
0.481 0,177 0.688 0,044
0.497 0.236 0.703 1.002
0.508 0.295 8121 118t
0.530 0.354 0.727 1.299
0.531 0.413 0.739 1.487
2.510 0.472 0.7¢3 1.538
0.508 0.531 0.781 1.633
0.59% 0.590 0.751 1771
0.627 2449 0.739 1.009
0. 0.708 0.721 2.007

0.0080 2.8 6890 708,000 0.295 0.000 0.693 0.0%
0,378 0.06) 0.71¢t 0.941
0,437 0.128 733 1.003
0.488 0.188 0,760 1129
v.543 0.28¢ 0.76% 1.284
544 0.314 = 0.788 1.3%
0.548 0.376 0.179 1,308
0.579 0,439 0.010 1.430
0.59( v.503 0.830 1%A
0.608 0,964 0.843 Usay
0.634 0.627 0.8%2 reer
0.842 0.69¢ 0.849 2.13¢ :
0,683 0.752 0.81¢ 2287
0.687 0.815 .
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Table 8. Continued

4
P .o 2 P ]
L ! 1 P (a fcoe s 1 P 8, fews o}
t ] [ 3 ] ]
it | owma | wy | ETar. | B ——u—) s | fle—
0.010 128 97 485, 000
o010 | 1.0 | emt 8,000
i
b
0.010 | 1.70 | e 495,000
0.010 | 105 | ees 683, 000
o.008 | 109 | 118 190, 000
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Table 8. Continued

. 2 3
' ®y E -L-’"lﬁ,,. __’_:'“‘ d WNylcosa ¢
tin,) {in.} ¢ {pe1} oLt cos” @ unl uuz . * —1—-)
{cta
o.008 | t.ze | s 120,000 0.3¢3 )

0.010 I .94 137 8%, 000
1

0.010 1380 583, noo
0.608 .08 1940 720, 000
0.008 2.0 m 110, 000
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Table &. Continued
P-szp P-'Rlp R . /cosa
¢ R, E ] Rllc“ [ ) 1 ) 1 )
. ) ey Sy 0 " S Sl ——
(in.) {in.) 4 (peis 2wEt" cos” @ 5 [ 2nFt” cos” a v
(cha = 45°
o - v—

0.60% 2.93 274 720, 000 0.336 0 0.785% 1.916
0.435% 0.096 0.790 2.108
0.435 0.192 0.797 2.299
0.466 0.287 0.790 2. 491
0.521 0.383 0.786 2,682
0.562 0.479 0.794 2,874
0,594 0.575 0,785 3,066
0.611 0.671 0,783 3,287
0,641 0.766 0.767 3. 449
0,666 0.862 0.769 3,640
0.686 0.958 0.7276 3.832
0.709 1.054 0.769 4,024
0.721 1.150 0.783 4,218
0.737 1.243 0.779 4.407
0.749 1.341 0,782 4.598
0.765% 1.437 0,776 4,790
0.774 1,533 0,763 5.269
0,772 1,124

' 4
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1 ”~ - 3
Table 8. Concluded
— e
R P
t | 3 —_—
(n.) (LY 14 pas 2eEt” con’ e
S SRS
——
0.0078 IR A 779, 000 0.
6.
0.
0.

i 0.

1 G.

| [

: i 0.
. :
| 0.

°.

0.

0.

o.

0.

0.010 ]I 234 is 707, 000 [

! 0.

i o.

I . 0.

! 0.

| i

i i 9.

! | 0.

i 0.

0.

j o7

i o

i ; 0.
el

0.0075 ; 2.5) 743 778000 a.

i | 0. .
i J ! o .
( | b :

1 . 0. .
! : | [ .

' 0. L3¢
: H ! 0. L4

0. : .

‘ f ©¢.704 I 0.%27 '
| : [ 0.737 { 0.58% |
| i 0.7% { 0.b44 i

! N ! 0.79i I 0.702 !

, ©. 804 [ 0,768

| 0,808 I o8ls

[ 0.832 i 0.878 !

0.812 i 0.936 |

+

c.00% i 1.7 _| J38 700, 000 0.379 N !
T 0.4%3% 0.065

i ] 0.471 L0 !

0. 487 0. 194 |
L. 6.%0? 0.250

J hoaeT 0.32 i

! C.4k2 [ 0.4%4 i

! LSS 0.58) ;
[ i ——— pE—— —_—

0.008 114 m 710, 000 o. | ) I
W 2. 067 H
! 0. i 0.13) |

' \ 0.8 | oo |

; 0. i 3,268

' 0. 0.133 |

| o, 0. 4ct |

. 0. 2,449
| i S H 0,332 l

1 3. 6.3%6 |
0.005 | 2.4 1090 700, 000 0,487 0.134 T
0.567 0,268 ,
0.616 0,402
0658 0.5 )
u.e82 0.804
| 0871 0.9
0.A72 ron
c.678 1.208
0.7 1.340
. 1474
1.608 !

i 1oine i
T - y
| 0908 ] Iy 1000 100, 000 :

! ’

|

| -
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Figure 27. Comparison oi Theory and Experiment for Internally Praasy
Cones Under Axial Comprenion?a = 20“)
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Figure 23. Typical Variatian of Axial Compression Buckle Pattora
with (ncreasing Interna! Prassure for Counical Shelle
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VIII. CYLINDERS AND TRUNCATED CONES UNDER PURE BENDING

The design of cylindrical shells in bending, like that of cylinders in
compression, is in an inconclusive state at the present time, It is only
recently (see Reference 33) that smlLdeﬂectinf;theory for this loading
condition has been fully solved, reliance having been previously placed on
an incomplete result due to Flugge (Reference 9). According to small-
deflection theory the critical maximum compressive stress due to bending
is approximately equal to that for axial compression, or

M 1

= -
"ERtT 572

Experimental results obtained to date are lower than this classic value,

but higher than results for the case of axial compression. No large-deflec-
tion aralysis exists to show whether the increase in stress is or is not an
inherent characieristic of cylinders in bending, but certain conjsctures
have Zesn made to explain both the large écatter of bending results and the

increase over axial compression results.

The experimental buckle patterns for cylinders in bending (¥igure 29)
are very much like thoso obtair ed in axial compression. It therefore
appears reasonable to assume that the theoretical post-buckling
behavior under both loading conditions is similar and that initial imperfec-
tions and other factors discussed in Section V are significan* for both,

(See, however, Section XIII. } The stress distribution varies circumferen~
tially in the case of bending, howaver, so that the shells have a preferred
region of buckling. The lower probablility of imperfections occurring within
this region would lead ¢ne to cxpect stress coefficients in bending that, on
theaverage, 2re higher than those for comprcuion.*

——

?Thi- explanation was suggesied by Prof. B. Budiansky in commenting on
Reference 23.
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For conical shells, bernding represents a completely unexpl red
loading vondition. Since no theoretical ‘soluticn exists, investigations
must be guided primarly by the facts known about cylinders and cores
in compression and about cylinderz in bending. The bending test pro-
gram rezported in this section was intendec to provide additional daia
for cylinders in bending and to provide data for at least establiching a

tentative method ior the design of conical shells in bending.

£. Resulis jor Cylinders

The experimental data for cyiinders are given in part (a) of
Tables 9 and 10. I¢ can be seen that the magnitudes of the critical bend-
ing moment coefficiente are conslderﬁbly higher than those for axial com-
pression. The data are plotted in Figure 30 together with experimental
results obtained by other investigators (Reference 5, 30, 34, 35, and 36).
Sorne of the data in the literature, namely that of References 13 and 17,

ot in agreement with either

thouse of the present program or with those of the other investigations.
It is suapected that the cylinder wall thicknesces reportied in Referonce 13
were teo emall to permit aasy hendling and resulted in significantly infar-
ior sperimens. The data of Reference 17 are suspect cince the specimens
were subjected to plastic camage in previous iesia of the same spscimens.
The various test resulte cover the range of radius-thickness ratios less
than 2000, The only available duta for 2 larger radius-thickness rztio
{Reference 35) are not plotted since they were obiained from very thin-
walled specimens and are not in accord with the trend established by the
other datu,

Cea

‘It can be seen that the remaining data are in ‘r»e"fa‘.ﬁvely good

agreemant and define 2 amooth, consistent lower bound curve, A good
representation of this lower bound, interestingly enough, can be obtairied
by a slight modification of the lower bound ciwvs defined for axial comprea-

slon as
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| 1 'R
a TN T
Cp= —iy=0.606-0443 '1-ec 't
nERt ~
which is shown in Figure 33. Also shown is the coefficient given by
Equation (4) multiplied by a factor of 1.3, which has been suggested in the

literature. The agreement of this curve with the test data is poor.

B. Results for Cones

Before presenting the experimental data for conical shells in
bending, it is necepsary to discuss the parameter used as a critical bend-
ing moment coefficient. The theoretical reeults of Reference 33 for
cylinders in bending indicate that the predicted buckle wavelength is smaii
and that the maximum compressive bending stress should be approximately
equal to the critical axial compresaive stress. The 1esults of Reference 24,
for conical shells in axial compression, indicate that the critical local
meridiona!l stress is equal to the critical compressive rtress of a cylinder
having the same wall thickness and the same local radius of curvature. It
is alsc lnown that stresses in cones under bending decrease in the longi-
tudinal direction at a rate much faster than do the corresponding atresses
in axially compressed cones. It appears reasonable,therefore to hypothe-
size that small-deflection theory for conical shells in bendis,, would pre-
dict that buckling occurs when the maximum meridional cnmpressive stress,
at or near the zmall cross section of the cone, is equal to the critical

compréssive stress of a cylinder having the same wall thickness and the

same local radius of curvature. Thus utilizing the membrane theory of

shells, we predict that the claseic buckling moment coefficient is given by

[y

’ max

S 7 ‘—""y—z’ - :':ffl't*—f:. (12)
i wEt‘Rl cos’a 4 . vz)
it may very well be that the thsoretical buckling coefficient is a functior. of
thn parameter [,suggested hy the work on cones under axial compression
and internal pressure, since the iheorotical buckled shape can be
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axpected to be concentrated in the vicinity of the small radius becavse of
the rapid drop-off in stress, and of the semivertex angle a itself since the
membrane stress state also consists of a shearing stress distribution
which increases in importance as the semivertex angle increases. Actual
buckle patterns for conical shells (Figure 29) are not very much different
from those for cylinders, however., In the absence of an anaiytical solu-
tion of this problem, it is diificult to ascertain the important parameters
in view of the large number of tests that wouvld be required. Thus, about
all that can be done at the present time is to see if experimental values of
Cb’ defined by Equation (12) and plotted againat Pl/t for the conical shells,
fall within the scatterbands defined by the cylindeér results.

The experimental data are presented in Table 9 and 10 and
are plotted in terms of-the parameters Cb and pl/t in Figure 31. Also
shown is the lcwer bound curve suggested by the cylinder results. It is
evident that most of the cone riata lie above the lower bound curve and
reasonably well vithin the scatterband established by the cylinder results.
A study of the data indicates that the length of the conical shell may be a
significant parameter, but there is insufficient data to firmnly establish
this trend. It would be helpful in future test programs to construct speci-
meng with a fixed amail radius, rather than the large r=dius, andto
comprehensively atudy the effects of variatiocns of length, wall thickness,

and ssmivertex angle within the framework of the discussion given abo- e.
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Table 9. Experimental Data for Mylar Cones and Cylindere in Pure
Bending

M
S

mE¢ R1 cos a

0.0100
0.0160
0.0100
0.6:00
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0400
0.0080
¢.0080
0.0080
0.0050
0.0050
0.0050
0.0050
0.0050
0.0050
0.005¢
0.0050
0.0050
0.0050
0.0030
0.0030
0.0030
0.0030
0.0029
0.0030
0.0030
0.0030
0.0030
0.0030
0.0020
0.0020
0.0020
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Table 9. Continued
t Ex 10~ ffl- pL __2._&__2_
(in) (psi) ! 1 wEt R1 cos” a
|
0.00620 740 2000 0.875 0.212
N 0Q20 740 2000 0.875 0.27!
0.0020 740 500 1.0 0.345
0.0020 740 500 1.0 0.366
(b) a = 20°
0.005¢ 704 321 €.35 0.505
0.0050 704 321 6.35 C.439
0.0050 6C1 321 6.35 0.466
0.0050 693 321 6.35 0.540
0.C050 094 620 1.97 0.429
0.0050 693 620 1.97 0.505
0.0050 693 472 3.4 0.449
0.005¢C 693 472 3.44 0.416
(c) a = 30°

0.0100 700 333 1,275 0.429
0.0100 700 333 1.275 0.451
$.0100 680 332 1.265 0.443
0.0100 680 332 1.265 0.468
0.0100 680 330 1.285 0.%28
0.0100 680 330 1.285 0.434
0.0100 70C 330 1.296 0,430
0.0100 700 330 §.296 0.432
0.0100 690 252 2.241 0.449
0.0100 690 252 2.241 0.456
0.0100 690 245 2.296 0.480
0.0100 690 248 2.29¢6 0.486
J.010" 690 169 4.200 0.519
0.0100 690 169 4.200 0.512
0.0100 690 166 4.282 0.492
0.010¢ 590 160 4.282 0.510
0.0100 630 163 4.410 0.457
0.0100 690 163 4.410 0.464
0.0100 720 161 4,454 0.423
0.0100 7206 161 4,454 0.400
0.0075% 797 445 1.265 0.398
0.0078 197 445 1.265 C.42¢
0.00758 197 443 1,278 0.412
0.9015 7917 443 1,275 0.418 i
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Table 9. Continued
-3 Py 1 M

(in) (psi) € :
0.0075 797 335 2.241 0.423
0.0075 757 335 2.241 0.434
0.0075 778 335 2.241 0.425
0.0075 778 335 2.241 0.466
0.0975 778 225 4.200 0.452
0.0075 778 225 4,200 0.458
0.0075 778 223 4.241 0.4/1
0.0075 778 223 4.241 0.490

0.0050 708 680 1.224 6.350 |
0.0050 708 680 1.224 : 0.370
0.0050 708 679 1.234 0.346
0.0050 708 679 1.234 0.373
0.0050 787 505 2.259 0.365
0.0050 787 505 2.259 0.331
0 0050 787 502 2.277 0.352
0050 787 502 2.271 0.346
U V0S0 668 335 4.282 0.378
J.0050 668 335 4.282 0.421
| 4. 0050 668 333 4.324 0.409
0.0080 668 333 4.324 0.396
¢ 0050 668 328 4.410 0.479
0.0050 6AR 128 4.410 0.435

———.—q‘
(d) a = 45°
0.0100 690 417 0.695 0.459
0.0100 690 417 0.695 0.452
0.0100 776 412 0.718 0.418
0.0100 776 412 0.718 0.421
) 0.0100 776 410 0.724 0.399
0.0100 776 410 0.724 ‘ 0.402
0.0100 . 6717 304 1.326 0.433
0.0100 677 304 1.326 0.42!
0.0100 678 104 1.326 0.363
0.0100 678 304 1.326 0.399
0.0100 776 303 1,336 0.399
v 0.0100 77% 30) 1.336 0.402
p 0.0100 690 303 1.336 0.420
0.0100 690 303 1.336 0.451
0.0100 677 207 2.425 v.431
. 0.0100 617 207 7.42% c.488
v 0.0100 677 208 2.448 0.477
»
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Tabie 9. Contibpued
t E x 10'3 %l —;— __.z___.z_M
(in) (psi) : "Et'R, cos”a
0.0100 677 205 2.448 0.506
0.0100 690 199 2.546 0.480
v.0100 690 199 2.546 0.503
0.0375 591 411 1.304 0.492
¢.ud75 691 411 1.304 0.508
¢ 0075 591 400 1.358 0.513
0.0075 691 400 1.358 0.458
0.0075 691 277 2.401 0.485 <
0.0075 691 277 2.401 0.479
0.0075 €1 270 2.497 0.533
' 0.0075 691 270 2.497 0.481
! 0.0050 731 833 0.695 0.376
0.00%0 731 833 0.695 0.407
0.0050 731 825 0.712 0.374
0 0050 711 825 0.712 0.380
L.UNaU 690 008 1.326 0.465
9.0050 690 608 1.326 0.464
| G 0050 73 600 1.358 0.36?
i 0.0050 731 600 1.358 0.400
P 0.0080 678 408 2.472 0.415
i 0.0050 678 408 2.472 0.344
0.0050 679 398 2.546 v 423
0.0050 679 198 2.546 { 0.431
{e) a = 60°
0.0100 683 542 0.486 0.5%7
0.0100 683 542 0.488 0.540
0.0100 683 538 0.496 0.520
0.0100 68) 538 0.496 0.520
0.0100 690 394 0.888 0.516
0.0100 690 394 0.888 0.492
0.0100 690 386 0.9:8 0.520
0.0100 690 386 0.918 0.494
¢.0100 686 304 0.926 0.53)
0.0100 686 334 0.926 0.43¢
0.0100 690 382 0.93¢ 0.527
0.0100 690 82 0.934 0.527
0.0100 690 382 0.93¢ 0,523
0.0100 690 382 0.934 0.838
0.0100 650 380 3.542 0.486
0.0100 650 380 0.942 0.48;
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Table 9. Concluded
t Ex 10™°3 f}l ?f._ > M >
(in) (psi) 1 rEt Rl cos“ a
0.0100 700 278 1.499 0.481
0.0100 700 278 1.499 0.497
0.0100 700 278 1.499 0.583
0.0100 700 27 1.499 | 0.485
0.0100 700 264 1.61¢ 0.564
0.0100 700 264 1.610 0.537
0.0100 650 240 1.789 0.527
0,0100 650 240 1.789 0.527
0.0100 650 238 1.848 0.529
0.0100 650 238 1.848 0.534
0.0075 776 744 0.457 0.508
0.0075 778 744 0.457 0.482
0.0075 778 17 0.496 0.484
0.0075 778 717 0.496 0.472
0.0075 760 £57 0.804 0.495
2.0075 760 557 0.804 0.5¢7
0.0075 760 515 0.918 0.514
0.0075 760 515 0.918 0.539
5.0075 772 379 1.456 0.526
0.0075 77 379 1.456 0.455
0.0075 772 363 1.545 0.502
0.0075 772 363 1.545 0.457
0.0050 720 1096 0.476 c.2/3
0.0050 720 1096 0.476 0.3614
0.0050 685 1096 U.476 0.415
0.0050 685 L1 1098 0.476 0.399
0.0050 685 1092 0.480 0.389
0.0050 685 1092 |, _0.480 0.363
0.0050 685 1088 0.484 0.369
0.0050 685 1088 0.484 0.353
0.0050 676 778 0.903 . . 0.370
0.0050 676 1778 0.903 < 0.356
0.0050 676 764 0.934 0.445
0.0050 676 764 0.934 0.4006
0.0050 676 764 0.934 0.449
0.0050 . 576 764 0.934 0.425
0.0050 730 528 1,610 0.505
0.005¢0 . 730 528 1.610 0.492
0.0050 730 528 1.640 0.447
0.0050 730 £28 1.610 0.447
0.0050 783 516 1,660 0.345
0,00E0 783 516 1.660 0.383
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Table 10. Experimentsl Data for Steel Cones and Cyiinders in Pure Bending

P
t Ex 10-6 -{l- Bl" —_T_}'i__.

(‘n) (P“) 1 wEt Rl cCoS a

(a) a = 0°
0.020 30 400 2 0.314
0.020 30 400 2 0.361
0.020 30 400 | 0.318
0.020 30 400 { 0.322
0.029 30 400 1 G.318
0.020 3 400 { 0.385
0.010 30 800 2 0.442
0.010 30 800 2 0.421
0.510 30 800 1 0.411
0.010 30 800 t 0.43)
0.010 30 800 1 0.4558
0.010 30 800 1 0.320
6.010 30 800 1 0.421
0.0i0 30 800 | 0.319
n.510 3 800 { 0.3008

() a = 30°

.

0.020 30 23 2.598 0.354
0.020 30 2) 2.598 0.362
0.020 30 231 2.598 221¢
0.020 30 231 2.598 0.457
0.010 3o $62 2.598 0.36%
0.010 30 462 2.598 0.351
0.0t0 )0 402 2.598 0.326

(c) e = 60°
0.020 10 300 1.)47 0.33
0.020 3 Jod 1.347 0.31)
0.020 b 14 300 1.347 0.)22
0.020 b Qo) A ] 1.347 0.304
0.010 30 1000 o.M 6.361
0.010 30 600 1.347 0.340
0.0t0 30 600 1.347 0.301
0.010 b 1] 600 1.347 0.402
0.010 30 60N 1.347 0.419
0.010 30 4006 2.310 ¢.j02
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10° (d) o = 48°

.‘
(2]

—
-]
"

() o = 60°

. Figure 29. Typic-! Buchle Putteins {or Cylindrical and Conical Shells
nder Pure Bending
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IX. PRESSURIZED CYLINDERS AND TRUNTATED CONES UNDER

BENDING AND AXIAL LOADS

Of the loading conditions studied in the present report, the interaction
brtween bending, axial lozd, and internal pressure 15 the least investigated
in the literature. It is known that there is a straight !ine interaction curve
between bending ana axial compression for unpressur:zed cylinders
(Reference 17 and 33). Further, it has been supposed, on the basis of
theoretical results for pressurized cylinders in axial compression, that
the maximum nominal compressive stress for pressurized cylinders in
bending should approach the classic value for axial compression. Experi-
mental evide:ice to disprove this assumption has recently appeared in
References 5 and 35, where it is shown that, for pressurized cylinders
in bending, maximum compressive stress coeificients that are greater
than the classic value for axial compression can be obtained. The exper:-
mental data arc insufficient, however, to yield any clear picture of wiat
critical (oails can be expected, since they are availabic only for rulatively

! low vYiics of internal pressure,

A smnall-deflection analys.s of the stabilily oi presasurised cyl.aders
in terding (Reference 37) reveals that lateral pressuie slightly increases
the critical comprecsive stress of cylinders in bending, wi'™ the in.reass
varyirg with the lateral prassure and with the radiua-thichaves ratio of
the cylinde-. When axial tension in added, az in the case of hydrostatic
presauce for inutaxnce, the nel compreaszive sircas al buckling is largre
thar for lateral pressure alone and continues 'o inrrasge 2y the axial
tension increases. Small-deflection *heary 1o inadequa‘e, Anasver, and,
sinco large deflection analysis 1s not available at this time, the true
behaviur of pressurized cylinders in beading muat he revealed by

esperiment.

The eaperimental resulis presented herein ropreosent an indicatioa
ol what can be cx ‘octed of elastic pressurized cones and cylinders in
- bending. However, sotablishing design criteria from thez Zvailable data

would appear (0 by premature.
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A. Load-Deformation Curves

Load-deformation curves for pressurized cylinders and cones ia
bending were obtained by continuously recording the force in the loading
cable and the downward movement of the end plate at the compression side
of the shell. Typical sete of curves for cylinders with varying pressures
are shown in Figures 32 and 33. The X mark on each curve is the critical
load calculated {rom linear theory. Each curve of Figure 32 was obtained
by keeping the internal pressure constant, applying an end compressive
loacd equal to the calculated pressure force on the end plate, and varying
the hending moment until a maximum value was obtained. This corresponds
to a cylinder under lateral pressurz alone. The curves of Fi vve 33 cnrrs. '
spond to a cylinder unc=r uniform hydrostatic presst're siace the pressure
force on the end plate waas not counterbalanced. Values of the pressure
parameter p., which is aboui 1.3 times the usual parameter p, and the
rorrespunding critical load precicted hy the small-detiection solution of

Reference 37 are shown {or each curve.

he implications cf Figuree 32 and 33 3re quite unexpected, since
therc are ‘ew hints of the pnénomena in the literature. Ve note, f{irst of
all, \Lhat the maximum loads reccorded are considerably larger than those
predicted by sinall-deflaction theory for suffiztent!y hizh », esure. The
present resulte indicate that the nomina! compressive stress due 16 bend-
\ng increases with increasing internal pressure. 3Jimilar resulte were
obtained in Relerence 3 for aluminum cylindere with a maximum value for
p. of about 3.

R was odaerved, a: the dbending moment was increased, that
approximately raiial deformativns, similar to those odeerved in teots of
presouriaed (ylinde: s under ax:ll compressioa, {irst a peared near the
cylinder ends and grew 1n magaitude. The level of load at which thia sccur-
ted waa near the rritical value nradictad hv small.deformation theory.

The ualy effec: these large ripples appearsd to have on the everall lead-
deformation behavior, however, was to slightly decreass the cy'...Jder otiff-
ness. As '.e moment was increased beyoad this level, diamcnd-shaped

éeformat ane appear.¢ \néd spread around the vircumlerence.
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The depth ci these buchles at the "coliapre" load was solarge that the buckles
could lead to fracture of the metal shells. The problem is what to define as
a critical load. If large deiormations are the criterion, then the predic-
tions of small-deflection theory are reasonably correct. On the other

hand, these large deformations on the compression side of the shell only
bring about a redistribution of stress within the shell which continues to
carr; increasing load until the deformations o7 .« much larger magnitude
occur. This behavior would appear to be similar to the Brazier type of
failure of cylindars in Londing (Referances 38-40) and would possibly be
predictable by a Brazier-type of theory: but the values obiained in Refer-
ence 40, for instance, are found to be considerably higher than experimental

results for pressurized cylinders.

It will also be noticed that the effect of pressure on the shape
of the load-deformation curves for cylinders is entirely different for
the cases of lateral and hydrostatic pressure. While lateral preasure
has the effect of sharpening the peak of the curve, hydrostatic pressure
serves to make the load-deformation curve slope gently to a plateau in
tl+« manner of pressurized cylinders under axial compression. in the
latter case, the variation ol the shape of the curves indicates that the
deformation modes prior to collapse vary with internai presvure. For
low pressures the curue .n linsar unti) collapae necura. As the pressure

increases, the iinear portion of the curve breaks sharply prior to buckling

and proceeds linearly to collapsa at another \slope. Wiia «till highker

pressures the sharp break rounds off and collapse is apparently initiated
by still another large deformation mode. The comparison indicates that
the rounding~o/f effect is due to the axial tensile force induced by the pres-
sure, a conjecture that is strengthened by the resnlts of some preliminary
bending tests which applied axial tension in addition to hydrostatic pres-
surs. For sufficiently large tension loads it was impossible to define

a collapse load since the load-deformation curve did not level off even

for extremely large amount of deformation. A similar resalt was

observed for very Inrge values of internal hydrostatic pressure.
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B. Collapt.c Loads for Cylinders

Net compressive siress coefficients for the cylinders tested

are given in Tabie 11-and are shown in Figures 34 and 35. The results

are given in the form of the ratio of the nominal maximum compressive

stress at collapse and the theoretical critical stress for axial compres-
sion as a function of the internal pressure parameter. For the case of

lateral pressure, the stress ratio is.

a ! 2
% i “Rt?' d
while for hydrostatic pressure
°y Van-vE M 1w
1 -= D . (14)
o w ¢ 4 -

o
=
=

A comparison of Figures 34 and 35 shows that the net compres-
sive etress coefficient rises more rapidly for the case of i.iernal uniform
hydrostatic pressure than for lateral pressure. For hydrostatic pressure,
it would take a value of p* on the order of ] to 1.5 for the compressive
stress to attain the small deflection value whereas the value of p*
required for lateral pressure is about 2. For sufficiently high pressures,
resulte of both types of pressurization indicate a linear increase of the
critical net compressive streas with internal pressure. The results for
hydrcstatic preasure rise at & rate about 4 times as great ag those for
lataral pressura. Preliminary tests indicate that even greater increases
in th;a net compressive stress coefficient for the same value of internal
pressure can be obtained with additional tension losd proportional to the .

internsl pressure.

E
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The numbesr of tasts is insuff.c’ent to show whether or not the
collapse moments depand to any great extent on the radius-thickness ratio
of the cylinders. There is some indication that this i= true, but a great
ceal of additional experimertation is required to firmiy establish any trends.
It is obvious t* 1t experimentaiion is required for less elastic materials
to determine where plasticity effects bring about deviations fron th: results

for Mylar.

C. Collapse Loads for Cones

A few bending tests werv performed on internally pressurized
cones having semivertex angles of 30 degrees and 50 degrees, the results
of which are given in Table 12 and in Figure 36 and 37. Because no axial
compressive lo~d was applied, the results periain to the case of internal
uniform hydrostatic pressure and beading. The data is given in the form
of the net marimum compressive stress coefficient as a func:ion of the
preesure parameter p*, all based on the emall end of the conical shell.
Thus

% Vi -v? M % N

— - P (16)
c v Ethz cos a 3

N

We note that there appears to be considerably m- re scattor of the
results than for cylinders. Some scatter is to be expescied since initially
the region of compressive stress is concentrated near the small and of the
cylindar, where any irregularities such as dimpling or ovalizaticn of the
tross section would affect the resuits. This might peisist even at high
internal pressure since the combination nf adge restraint and pre ssure
would create irregularities in the region of concern. It is interesting
that all of the lowsr values in Figure 36 are associated with those cones
made of 0.003 inch Mylar, which were difticult to ass¢mble satisfactorily.
The fact that saome of the 0.003 inch cone results agreed with the results
obtained for the 0.005 inch and 0,010 inch cones tends to support the

" theury of inferior fabrication ard scatter.
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The net coinpressive stress cozfficients for conical shells
appear, then, to be larger than those for cylinders having the same value
of p .+ It will be nuticed, aiso, that the resuits for 60 degree cones are
larger than those for 30 degree cones. This might have been expected

since the parameter { , found to be significant for axial compression and

internal pressure as well and 1s considerably smaller for the 60 degree
cones than for the 30 degree cones. Theie is some indication in the
resulis for 30 degree cones alone that there is an increase in the net
compressive stress coefficient with decreasing values of { , but this con-

clusion is masked by the scatter in the data.

D. Interaction Bitween Axial Compression and Bending

Tests wcre performed on a single cylinder and a single 3C degree
cone to determine the effect »f pressure on the interaction curve for bend-
ing mornent and axial compression. The interaction curve was first obtained
for the unpressurized shell, A constant amount of pressure was then added
and data »yain obtained for bending and axial compresais;n, axial compres-
sion and r.o moment, and for several points in between these two limits.

The procedure was repeated once more for an additional increment of

internal pressure.

The data obtained are given in Tables 13 and 14. The pressure
loading oh the end piate (the small _end of the cone) was subtracted from
the ‘ctal compression load coefficient C. The nominal maximum compres-

sive stress Ause t~ he bending moment was used to determine the bending

moment coefficient Cb' The data was then put into the form of a stress

rat.o by dividing the axial compression load coefficient C by its value for
the case of no bending morment, and the bending moment coefficient Cb by
its vaiue fcr the case of no net axial stress (Cb at C = 0). The determina-

tion of the -alue of Cb required interpolation of the daia.
o
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The interaction curves for the cylinder are given in Figure 38.
It can be seenr, that, for the values of pressure considered, the interaction
curve between bending moment and net axial force is very well approxi-
mated by a straight line. When the curve is extended into the axial ten-
sion region there is a definite departure from the straight line, such that
the addition of tension is more beneficial to the moment carrying capacity.
A study of the experimental dat2 for bending and internal lateral or hydro-
static pressure indicates that at higher pressures the interaction curve in
the axial tension region should be merely a continuation of the straight line
for the axial cciupression region. The nonlinear interaction curve in the

*
tension region might nersist, however, for values of p less than about 10.

The bendis g-axial compression interaction curve for the conical
shell having a semivertex angle of 30 degrees, shown in Figure 39, is
different from the cylinder intevaction curve. The curves for the three
values of the pressure parameter coincide remarkably well and lie above
a straight line connecting the end points. In the tension region the inter-

l action curve lies beiow the straight line. Similar results, for somewha:
lower values of the pressure parametar, are given in Feference 6 for

17-7 PH stainless steel cones.

It appears reasonable to conclude, despite the -~ nall amount of
data, that a straight line interaction curve is adequate for pressurized
cylinders in bending and axiai commpression. The corresponding curve for
pressurized cones lies above the straight line and is probably a function of
Lz OF move cone geometry parameters. The use of a straight-line inter-
action curve for conical shells would be conaservative, but adequa:e fo:

design purposes.
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Experimental Data fcr Pressurized iylar Cylinders in Bendi.g

p——
L L [3 ‘e e
1 w v y = » (]
l . {pee) L 4 v, o
Latasal Prsanurs
o 603 B 1138 121,000 0.77¢ 6.0 1,130
0. 843 1.6) 1.40%
.03 .43 1,49
1.078 [¥1) 1.498
1,210 4.06 1.99%
1,245 . . 1. 040
1,478 5. 70 1,138
0,010 : 400 680,000 0.%74 0.00 1,091
0,38 1,198
0.7% 1,108
1.1 1219
1.51 1.100
1.09 [T
0.90% ¢ 1333 1,947
4,018
.. 306
4,763
5. 116
5,469
0.008 z 800 100, 000 6.04
7,58
9,07
10.38
12.m
13,60
0.0:0 2 400 700. 000 1.114 2,64
1.082 3.02
1.958 3,40
1.962 3,78
2.046 416
2,147 4.9
2. 208 “9
0. 008 N 800 740, 000
0.00) 2 1 723,000
0.0075% ¢ 513 794, 000 o ssa .00
0,644 0.13
- [
1,24
1,87
2.49
[N Y]
0.0t0 2 400 700, 000 0,882 6.00
o. %60 0.73
200 0.3
0.926 0,7¢
. 08¢ 118
1100 1,94
1,292 1.09
1,413 .27
1,908 .
5 oer8 i [$1) 194, 000 0.528 0,00
0. 804 0.6
1,043 L3¢
(91T 1o
1,438 1.4¢
1 a7 31
1,718 134
1.893 4“9
8,020 “9n
0. 009 H (1] 730, 000 0,843 0.9¢
1,080 51
12 1.6%
1,487 .36
LAY 8
1,76 8]
199 4.23
.10 N
0,008 H "0 T80, 000 0.371) .00
1,058 11
1,408 L
1492 N
1.8 4.1
11 1N )
-
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i Table 12. Experimental Data for Pressurized Mylar Cones in Bending
.
(Hydrostatic Pressure)
’ ’ ) 1
e pLE g ) Q
t LN {pot} . P . 14
(ahm 307
0,00 2.9 160, 000 0.5%¢ 0.42 1,878 424
0,687 0.8% .69 419
0. 818 127 1. 897 8.9
0.93¢ .70 3.0% .04
1.0%% .12 1.384 .22
i.170 2.54 .68 .39
L. 3le 2.9% 4.9 10,56
L. 4% 3. 3% 2.9 t1.74
- 1.498% R
0,003 . % 120, 000 0. 476 0.43% 1.33% J. 48
0.578 0.8 . 428 3.88
-- 0697 12y 1322 029
i 0.811 .12 [N 476
' e 0. 917 2.18 2.45% .51
z 1102 2.57 2.96% 10,70
' 1219 3.00
0.n03 1.4 700, 000 0.296 %.10 0.770 116
] 0,517 0.2 0,881 1.4%
0.3:9 0.32 0.943 1.74
4 0. 4ab 0.42 1.026 .0}
. 0,476 0,52 L.083 2.3
0.525 0,43 1.108 2.61
{ 0.573 o (Y L.
H 0,433 0.4 LJ1e 3.19
i 0.873 0.9¢ 1,303 3. 480
i 0.706 1.0%
N 0.003 1.48 700, 000 0,663 Lo« 0,21
! - . 0.808 0.32
| 0.872 0.42
. 0.9
0.003 1.48 720, 008 0.563 0.4l
h 0,595 0.52
0.623 0.62
] 0.4y 0.72
1 0.737 0.8
i 0.77% .9
0.793 .0
0.003 148 120, 000 0.3%3 .4
0.003 2.16 T00. 000
0.00) 2.1& 700, 000
0.083 3,00 T3, 080
0.010 e 80, 000
0. 008 3.00 133, 000
s.on 373 740, 000 Loy )
[ L8
1.88e .
198 Lte
1908 1.
o s
N nu
1,508 ow
1N? r
dea 18
hd - Sot 3.0
.16 3.0y
- am .4
. hty P
.
b e e S
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Table 12. Concluded
- L]
: ' . °
t Hl {(pa) 3 P P 0
, . P
L .
(4} a 0"
n. 005 AT 720, 000 0. 4Kt 0 1. 390 1.14
0, 409 .08 1,490 1.37
0. bis ur 1,609 5,50
0.733 0.2% 1.636 .72
0.7y 0.33 1662 1.83
0. 846 0. 41 1.738 2.06
0.914 0.50 1.813 2.29
0.971 0.58 1.877 2.52
1.027 0.66 1.963 2.5
1,073 0.74 2.050 .98 .
1163 0.83 114 3.20
1.240 0.92 2,169 3.4
1322 1.03 2176 3.66
0. 005 2.90 120. 090 0.57% 0.00 0. 861 0.30
0.808 0.157 0.889 0.44
0.00% 1467 720, 000 0.494 [ 0.990 0.47
0,446 0.04 1.036 083
0,479 0.08 1.059 0.58
0.590 0.11 1.088 0.63
0.635 G 15 Y 0.69
0.684 0.19 1.136 0.74
0.734 0.23 1,198 0.79
0.763 0.27 1.224 0.84
0.819 0.30 1.285 0.95
0,851 0.34 1.337 1.05
0.884 0.38 1.405 1.16
0,952 2.42
0,365 1,450 120, 000 0.585% 0 0.983 c.4l
0. 687 0,04 1,019 0.48
0.732 0.07 1,086 0.52
0,735 0. 11 111 .62
0.758 0.1 1,186 0.72
0.777 0.19 1,204 0.8z
0.833 0.2 i.3i5 u.u)
0,867 0,26 1.371 1.03
0.894 0.30 1413 1.85
9. 924 0.34 487 124 |
0,950 0.37 1.570 i
0.005 1,442 720 000 0.302 o 0.924 0.81
0. 491 0.04 0.961 o356
0,547 0.07 . 998 0.6l
0.561 0.11 1671 0.71
0.57: 0.15 et 0.82
0. 694 G ib 1431 8.5¢
0,727 0.22 1,282 1o
0,748 0.29 1.2v8 e
0,758 0.3} 1.308 1,22
0.779 0.37 1.346 1.32
0. 851 0.41
%) aa 60°
0.00% 2.038 720, 000 0.528 [ L7 132
0,930 0.22 1,797 1,84
1,187 0,44 2.02¢ 1.7
1.3e8 0,06 2.068 2 a3
1,53y .88 2.170 3.04
1,660 .10 T 3es
0.00% 2,677 720, 000 0,642 0 1.997 a2
1109 0.38 2,143 2.66
1,308 0.76 T .04
1,806 WY 2,434 s.a2
1,082 1.82 2.53) 3. 00
1,028 1.90
0.0n8 1.930 720, N0 0.468 ° 1.529. 1.19
0,941 0.20 1,883 1,38
1.029 0.39 1.648 1.98
1.209 0.% 1.707 1.78
1,348 0.79 1,17 198
1,444 0,99
0.008 1,348 120, 000 0.499 0.13 1.39¢ 146
0.657 .27 1.59
0.037 0.40 1.3
0 64 0.%3 .86
Lot 0. 06 1.09
Lo 0.0 13
117 0,94 3,
1,203 1.0 T PTIN
1,288 120 1.824 .92
1.318 1,33 |
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Table 13. Experin.ental Data for a Pressurized Mylar Cylinder under
Bending and Axial Compression
p pP- IRZp C —g— M Cb tc—b—
lbs lbs ° in-its ®o
(a) p=0psi, p =000
53.2 0.201 1.000 0.0 6.000 0.000
47.3 0.178 0.886 9.2 0.017 0.076
41 .4 0.156 0.776 5.7 0.048 0.214
35.5 0.134 0.667 39.0 0.073 0.326
29.6 0.112 0.557 55.6 0.105 0.469 ¢
23.7 0.0839 0.443 hl e v.l9 0.531
17.7 0.067 U333 8.4 0.155 0.692
11.8 U.045 0.224 98.8 0.186 0.830
5.9 0.022 0.1v9 1121 0.211 0.942
G0 0.000 0.000 118.8 0.224 1.000
R -
b} p = 0.5 psi, p' 2053 !
rb 128 ! IR .39 1 00U 0.0 ©.000 0.00G
t1e.3 93.2 0.352 0.898 19.0 0.036 0.047
94.6 69.5 0.262 0.664 ‘ 68.4 0.1L 0.311
71.0 45.9 0.173% 0,441 l 122.6 0.2 0.9%¢6
47.3 222 0.084 Uzt Hy g RV .32 C.778
2y -1.4 ~-0.00% -0.013 2451 0.462 ity
no -25.1 -0.095% -0.242 2915 0.557 L 1.342
(¢) p=1.0ps, pﬂ - 1.2 1"
S -
1745 124.2 0.469 1000 "o 0.00: r 0.000
1379 91.6 0 .38 u.785 €8.4 v.129 0.440
113.) 8.0 0.29%7 0.548 133.0 0.251 0.468
88.7 384 0.145% 0.309 197.6 0.37) 0.694
$9.2 8.9 0.03}) 0.070 260.8 0.491¢ 0.914
9.8 L2077 -0 0Tk avie | a2 3.448 1.200
2.9 -3yt NL T T N 5! ! $5°.2 $.80¢ 1,800
a) ¢ C.Widin.,, R » dun.,, L = ¥in,, £ =« 730,000 ps)
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Table 14. Experimental Data for a Pressurised Mylar Cone under
Bending and Axial Compression

p p- nRzp C ~é-:— M ’ Cb .C(:'.‘
1bs ibs o in - ibs 1 i b,
(a) p = v psi, p* = 0,00
0.0 0.000 0.000 43.2 0.360 1.000
2.9 . 0.035 0.136 39.2 0.327 | o0.908
5.8 0.070 0,272 137 0.281 0.781
8.7 0.105 0.409 29.¢ 0.244 0.678
1.6 0.141 0.549 24.5 0,205 0.569
14.5 0,176 0.685 18.9 0.158 0.439
17.4 0.210 0.817 11.8 0.098 0.272
21.2 0.257 1.000 0.0 0.000 2.000
(b) p = 0.5 psi, p. = 1,06 1
0.0 -13.2 -0.161 -0, 301 107.2 0.896 1.203
5.8 -7.4 -0.090 -0.168 100.5 0.840 1,127
11.6 -1.6 -0.020 -0.037 91.9 0.768 1,031
17.4 4.2 0.050 0.003 82.0 0.685 0.919
23.2 10.9 0.121 0.22¢ 73.9 0.617 0.828
‘ 29.0 15 8 0.:91 0,407 | 64.9 0.542 0.728
A 34.8 21.6 0.2b1 0.4 - 54,8 0.457 0.613
40.6 27.4 c.332 9.521 14,2 0.369 0.495%
46.4 33.2 0.402 0.t 3.4 0.275 0.369
52.2 19,0 0.472 064, 21.¢ 0.175 0.235
57.4 44.2 0.535 R 1 0.000 0.000
o () p=10pus, y;” o1 Tt
—— ey .
0.0 -26.5 -0.321 “0ae b 162.9 1.361 1,444
2.9 -23.6 -0.285 -0.44? 151.9 1.269 1.347
- 8.7 -17.8 -0.215 -0.334 1421 1.187 1.266
14.5 -12.0 -0.145 -0.225 1343 1.126 1.19%
20.3 -6.2 -0.075 =006 | ezs - 1,023 1.086
26.¢ -0.4 ~0.003 -0.008 113.3 0.947 1,005
31.9 5.4 0,068 0.102 - 102.9 | 0,860 001}
37.7 1.2 0.136 0.211 931 | 0.8 0.826
43.5 £17.0 0.206 0.320 82.1 | 0.686 0.728
49.3 2.6 0.277 0.430 A 0.599 4,636
55,1 28.6 0.347 0.539 6L: | 0812 0.544
60.9 34,4 0.417 0.648 BCU O u.die 0.444
66,7 40,2 0.487 0.756 37,8 | 0.313 s.332
72.8 46.9 0.558 0.860 25.7 0.21% 0.228
19.6 53,1 0.644 1,000 no | 0.000 0,000 l
{a) @ = 300, t » 0.0051in,, R, = 2.90in., R, = 5.00 in., E = 700,000 pat
TG 074 . v
[-]
; 1 c, &0.942
(-]
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X. CYLINDERS AND TRUNCATED CONES UNDER UNIFORM:"
EXTERNAL HYDROSTATIC PRESSURE
The problem of the buckling of conical shells under external uniform
hydrostatic pressure has been studied theoretically by many investigators.
The varicus investigations are summarized in Reference 41, which also
presents the results of 2 more accurate independent analysis. The con-
clusion reached in Reference 41 is that the critical external preasure of
a conical frustum is approximately equal to a factor times the critical
external pressure of a cylinder having the same wall thickness, a radius
equal to the average radius of curvature of the cone, and a length equal to
the slant length of the frustum. The factor is a function only of the ratio

of the end radii of the cone and increases from 1.00 for the cylinder

(1- RI/RZ = Q) to 1.22 for a cone with 1 - RI/RZ equal to 0.8 and then -

decreases to about 1.17 for a complete cone (1 - RI/IR2 = 1.0). Lower -
values of the factor are implied by the studies of Niordson in Reference
42 and Bijlaard in Reference 43, but these cannot be regarded as theoreti-
cally accurate since Niordson makes many approximations of unknown

effect i his analysis, while Bijlaard's values are based on intuition,

A, Test Technique

The tests reported in the present section were dc.igned to
explore the conclusions of Reference 41. The Mylar specimens were first
fixcd in the upper clamping fixture (see Figure 6) and then placed on the
inner portion of the lower clamping fixture which was raised approximately
two inches above the base of the loading fixture by iwu parallel Fectangular
blocks. This prevented the bottom of the cone from pressing on the base
of the ioading fixture. The outer portion of the clamp was then placed
over the cone and brought down loosely un the top of the inner lower clamp,
since it was discovered that if the lower clamps were fastened by screws,
dimples appeared and produced premature buckling as the cones were
loaded. The equivalent of external pressure was supplied by evacuating
the interior of the specimen by :rneans of a vacuum pump uxtil buckles

appearved.

£
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A number of thin-gage and thick:gage cones of various semi-
vertex angles were tested with the outer portion of the bottom clamp removed.
It was discovered that as long as the cone was dimple free, the buckling
pressure wae the same for the 10, 20, and 30 degrees whether or not the
- outer bottonm clamp was placed over the cone. For the 45 and 60 degree
cones appreciably higher buckling pressures were obtained with the outer

portion of the bottom clamp placed over the cones.

B. Results and Discuuio_n_

- The data for the various tests are given in Tables 15 and 16 in
< \ the form of corresponding values of pcr/pe and 1 - RI/RZ' Values
' of P for the average cylinder were obtained from the analysis of

Batdorf in Reference 44. In the notation of the present paper

@&

1+ )

o =k e )f | s

© B e %’f(%'—)z @1“"7( ¢ av
av - P‘v t

(18)

iz 2 (_;_Zf-_vl
pr t

+ w

REEI

The number of circumferential waves n was varied until a minimum

value of P, was obtained.

Let us first consider the cylindrical specimens. In Part (a) of
Table 15 ~orresponding values of Z and C_ are given for the snpecimans
; and are compared with the theoretical curve of Reference 44 in Figure 40.
.. Also shown in Figu' . 44 are the experiraan:al rasults of Windenberg and

T
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Trilling (Relerence 45) and of Sturm (Reference 46). It can be seen that
the scatter of the present Mylar and steel rzsnlta is of the same order as
that obtained previously for aluminum and steel specimens. Part of the
scatter for the results may be attributed to uncertainty in the modulus of
elasticity, for which an average value was used for each thickness. How-
ever, there are at least two additional sources of scatter which ahould be
noted. One factor is the effect of initial imperfections, which has only
recently been explored in some detail. While initial imperfections of the
shape of the buckle pattern have been found to havs only a small effect on
the critical pressure, Kerm:mer“l has noted that asymmetric imperfections
may result in significant increases or decreases in buckling pressure.
The data available is insufficient, but a groupingof the Mylar data indicates
a possible dependance ~n radius-thickness ratio. A second source of
error is the difficulty in some cases of defining a buckling pressure. For
the thicker cylinders and cones, buckling was well defined, with many
buckles appearing suddenly at scme critical pressure. With the thinner
cones however. btuckling occurred in a progressive fashion, with an

‘a0 ed buckle uppearing at a low pressure, a few more at a somewhat
higher pressure, and still more at a higher pressure. The definition of
buckling pressure for these cases was, as can be seen, a matter of
individual judgement which may havc varied from specimen to speciinen.

The results for conical shells are shown in Figure 41, together
with values obtained by other investigators {(References 47-54), which
thecretical results of References 41, 42, and 43. Wa see from Figurs 41
that the scatter of the data is too large to verify the trends indicated by
the theory of Reference 41. The results do indicate that Niordson's
approximation yields a fairly good averaga fit to the data since the
scatier about the line pcr/p. = 1 is relatively uniform for both conas
and cylinders of many materiais over most of the rangeof ! - R /R,.
Since most of the results fall within 80 percent of the line p/B = 1, itis
recommended that both conical shells and cylinders be designed by the

formula

—
Unpublished paper by J. Kempner, presented at the 10th Incernational
Congress of Theoretical and Applied Mechanics, Stresa, Italy, ! Auguat.
8 Septemnber 1960.
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P =0.8p, (19)

[ ¢4

where P, can be obtained from Equation (18) or from the approximate

relation

0.,2 E (20)

The similar ouckled shapes of various cylinders and cones arc
shown in Figure 42. It can be seen that the point of maximum deflection
has a tendency to shift toward the large radius of the cone as the small
radius decreases, as predicted in Reference 41. The number of circum-
ferentia! wavas obtained experimentally is given in Tables 15 and 16. The
comnuted value of n shown is the number n, which yic¢ids the lowest value
between the number of buckles given in the two columns is fair, the experi-
mental result being somewhat lower in most cases. It is interesting to
note that, while the theory of Reference 41 predicte an increase in the
wave number n from that given by n cos & for values of . - RX/RZ

greater than 0.6, the experimental results do not indicate any such
phenomenon.




STL/TR-60-0000-19425

Page 151
.
Table 15. Experimental Data for Mylar Cylinders and Cones under
External Uniform Hydrostatic Pressure.
t Ex 10'3 . * n n 5
{inch) (pei) R/t L/R p"/p. (experimental) (computed) z cp
(a)e : 0°
0.v10 690 400 1 0. 895 10 12 382 18.2
0.010 690 400 1 1.087 9 12 382 22,1
0.007s 770 533 1 0,983 11 13 508 23.1
00,0075 770 533 1 1.0719 11 13 508 25. 4
0.00% 750 800 1 0. 882 11 14 762 25. 4
0,008 750 800 1 0.941 12 14 763 27.1
0. 008 750 800 ] 0. 740 .- 14 763 21.3 <
0.005 756 800 1 1. 161 -- 14 763 3.5
0.003 778 133> ) 0.967 13 16 12712 36.0
0. 003 778 1333 1 0.901 13 16 1272 13,8
0.003 778 1333 1 0.901 13 16 1272 33.5
0.003 778 1333 1 0,882 13 16 1272 32.8
0.003% 7°8 1313 1 0. 844 13 16 1272 3.4
10. 003 7% 1333 1 0. 948 13 16 1272 35.3
fr000 1 ys 800 | 1.3 1.078 -- - 1717 46,6
i 00 690 0o | 2 |o.991 6 9 1526 | 9.5
0.0ty 690 400 2 0.969 6 9 1326 37,3
0.910 678 400 2 1,227 [} 9 1526 LL ]
0.010 675 400 2 1. 340 8 9 1526 54. 6
0. 0080 762 500 2 1.094 8 9 1908 4.8
0. 0080 712 300 2 1,232 9 9 1308 6. )
0.007% 200 833 2 1,220 9 9 2034 ST,
0.0075 800 533 3 ). 283 (] 9 2524 0.9
0,007% 170 533 2 0.98) 7 9 20%¢ T
0.0078 170 533 2 0.8!1 7 9 2034 N1
0, 0030 150 800 2 1.029 ] 10 308 ie )
0.00%0 750 400 2 . 951 [} 0 108} Se. 8
0.00%0 150 800 2 0, 787 .- 10 1nay 4.
0.00:0 17" 13 2 ! 043 1] 12 5086 1.6
0.0030 778 1333 2 e, 917 L] 12 5086 1.1
0.0100 %0 400 }) 1. 3%¢ .. .- Y434 [ 274
.R : 4 inches in all canen,
.
: . ot . e et
{ - ¥ e
LT ‘ > . & : R PN LN,
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Table 15. Continved

. Ex 10} ! . n a

{inch) (pel) pav/' '/’nv !- P‘I/RZ pcr/pc (experimental) {computed)
®)e = 10°
0.010 690 455 1. 44 0.20 1.386 .- --
0.010 690 455 1. 44 0.20 i, 227 -~ --
0. 003 77% 1515 1. 44 0.20 1. 043 13 13 - 14 ‘
0.003 775 1515 1. 44 0. 20 1.081 12 13 - 14
0.010 690 393 3.3 0. 45 1.1%0 5 6-17
0.010 690 393 3.3 0.45 1.097 5 6 -7
0.010 690 393 3.3 0. 45 1. 149 -- 6 -1
0.010 690 193 3.3 0.45 1,208 - 6 -7
Q. oQ* 7%0 786 3.3 0. 4% 0.0 T-8
0, 00¢ 750 786 5.3 [V 33 1,029 7T-0
Q. 007% \ 7%0 786 3.3 0. 45 0.927 .- T-8
0,00% | 7%0 786 3.3 0. 4% 0.94) -- T-8
0. 3408 750 786 3.3 0. 45 1.064 -- T-8
0,90} 778 1310 2.3 0. 45 0.99¢ 7 8 -9
0. 00} 175 1510 3.3 0. 4% F0.917 7 5.9
0.002 740 1970 3.3 0,45 . 884 i 9.10
0. 002 140 1970 3.3 0. 45 0. 864 7 ?-10
0. 003 150 162 2 A sn 1,205 | .- -
0. 005 150 762 l 5.79 0,50 1. 181 . -
0.00) 178 1270 3.7 0, %0 1110 7 10
0,00} 778 210 3. 79 ¢. %0 1.018 1 7-8
0,002 T40 1650 6. 13 0.170 0. 884 ] ¢ -7 :
0. 002 40 s | 613 0.70 0. 084 s -1
o

I! s 9 laches in all craes.
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t box 10" # n n

{inch) ipsi) Pay! L- Rty chr "o | texperimental) {predicted)
, N ]
0, 00} ‘75 1n00 0,977 11 20 .2
0 004 Tk 160 U, 873 ¥ -2
0. 010 {"’0 400 J94 .- 8-9
0.010 69) 400 227 -- 8.9
0,010 [ 31V] {uu 221 .- g -
0.0lo 610 ;‘;J?, 129 ? 8 -1
0,010 [1] 100 02 7 8 -
TRODE 30 800 Ry 9 1o - it
0. W Sy 80U TN 9 10 - 1t
[UTIL] T [ VY] . USS to 1
[PEV IV IlY] 800 1 L lus - 10 - 1
wous b w00 | | oy W1l
a.ugh i S22 l | ol fv i1 - 12
[ BV I 1 715 1913 l L2y 1o [ 1
0, 002 740 2000 ! . Bus . le - s
0.002 T4 (Vo NURR] . 12 - 1y
0.0l [ 1¥] 46 i 8
0,01 (] ti 2, 1) -
0,010 0t 148 2. [ -
V. 00s 780 092 Lo .
0. 00s 7%0 (3 14 2. Ll .
0, 0ns 10 L 2. , L B -
S.002 140 1110 l .18) 4 4.4
0. 002 40 1w '[ Ty ’ 1
I ) o

TN‘ - % imches in all cases.

———— o — ———— -
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Table 15. Continued
1 7 R
ﬂn'\h) . (xp:?! Pay’t "/'nv !- li‘l/ RZ P r/pe |¢xpori‘:nanul) 1pn:ic“d)
-
d) « - 30°
1 — —_
0.003 178 1735 u. 50 0. 20 1. 166 21 20 - 2}
0.00) 773 1738 U.%0 0,20 i.19s 21 20 - 21
\ 0.00% 750 1041 0. 50 0. 20 0. 80 -- -- |
0.010 (L B) 521 0,50 0. 20 1. 3¢y -- --
0,003 178 1430 1% 0. %0 0.929 1 15 - 14
0.00) 178 1430 LS 0,59 0. 948 11 13 - i4
0. 009 7%0 853 1.1% 3. %0 V. 917 -- --
0,010 630 429 118 0, %0 1. 008 -- -
0.002 40 2020 L. 38 PR 0. 844 1 1)
0. 02 740 2020 1. 48 V.80 0.91) 1 13
Q.39 i} 1380 l I Y | . 890 v, Y86 “ 12- 13
v.uoe | res 1350 | 1. 48 9. 60 0. 939 s ST
0. 009 i 8. 810 1. 48 0. ey 0,921 [} 0 H
D.90Y 1 130 L) 148 | Ueu 9, 812 ] 1o - i1
PANT1Y 180 slo 1. 48 4 J.oawd ! o, 8. » o - it
9. 003 0 NIRRT ) an I wea ,
0. 010 90 103 [T uew 1,889 T P I
0,010 X1 wn g Y 9wy [P RS: ? ‘ 8.y I
Q.91¢ (3 B 408 P L VIS : W, 180 | ? | 8- Y
0. ul0 90 0 148 | 0wy Lot 14 -9 }
. v. 310 90 ot ) NI .- 8-
4. 008 1ao LI R YA ot Lol .. ..
0.6i0 430 37 t Y 5 e 1,08 | . . l
, B S A N
3§ < 8 inches L. all vase.
¥
[
- -
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g

(intch) . :‘p:?) ".:w’/t "/pav l- '"‘I/R.!‘°I l;’cr/l'-'e (gxper'inmenlal) (pre:icted)
(¢) o = 45°
0. 005 750 1270 | 0.22 0.20 0. 843 20 22-23
0. 005 750 1270 | .22 0. 20 0. 784 21 22 - 23
0.003 776 1765 | ©.67 0.50 0. 854 12 14 - 15
0. 003 775 1765 | 0.67 0.50 c.910 12 14 - 15
. 502 740 1875 | 1.82 0,70 0.954 8 11-12
|0. 002 740 1875 | 1,82 0.70 0.954 8 11 -12
0.003 775 1530 | 1.08 9. 70 1.034 9 11 - 12
0.003 775 1530 | 1.08 0.70 1,015 9 11 - 12
0. 005 750 918 | 1,08 0.70 1.002 -- --
0, 005 750 918 | 1.08 0.70 0.978 .- -
g.olo 500 459 | 1.08 0,70 1,142 -- .-
2.010 650 459 1.08 0.70 1.215 . --
u. 010 690 459 1. 03 0.70 1. 134 - --
0. 002 740 2030 | 1.48 0.85 0.993 9 10 - 11
0. 002 740 2030 | 1. 48 0. 85 1,053 io 10 - 11
0.003 775 1353 | 1.48 0. 85 0.863 10 9-10
0. 003 775 1353 | 1,48 0. 85 0.910 10 9-10
0. 005 750 812 | 1.48 0.85 1.029 8 8-9
0. 005 750 812 | i.48 0, 85 0.951 8 8-9
0. 005 750 812 | 1 a8 0. 85 0.932 -- 8-9
0. 005 750 812 | 1.48 0. 85 0.928 -- 8-9
0. 005 750 g1 | 148 c.85 c. 303 -- 5-53
0.010 690 406 | 1,48 0. 85 1. 044 6 7
0. 010 690 406 | 1.48 0.85 1.065 h 7
0.010 690 406 | 1,48 0. 85 1.181 -- 7
0.010 690 406 | 1.48 0. 85 1.181 -- 7
0.010 690 406 | 1,48 0. 85 1.251 -- 7
*RZ = 5 inches in all cases
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5,

3 inshoe in oll vaves.

o —

1“—1 £x10} . a .
{inch) (poi) Pavt | U0 [ R Ry | Py P | enperimental) | (predicted)

() « . 60°
— —

0. 008 7%0 1500 0. 38 0. %0 0.892 10 13 - 14
0. 003 780 1500 0. 38 0. 50 0.81) 10 13 - 14
0.019 40 >80 0.3 0.0 0. 786 - --
0. 003 730 1300 0.2 o. 10 0. 787 - .-
9,008 Tan 1300 0. 82 3.70 0,862 (] 10
0.00° | 0 1300 0. 62 0. 76 0. 882 4 10
Q.10 | a9 [XY:] v, 8¢ 8. 70 1,934 -- --
v ooy T 2000 ot | ov.w DTy 10 [T I T
J. vy . &} 200V 9.7 0.8 0. % 10 [X- B
e.ouh L Tay 1200 0. 117 0. 80 U w4 ] Yy
9,045 ;T80 1200 9. 1! L3N D} 9, e L] L]
0. 908 %0 12uo o, T o, e DI ¥F3 - .o
8. ne 00 v, *! . 3, 80 9. 928 ) [ ]
in.wn i 134" s00 | g !¢ ? 7.8 9, 91% . 8
9. 219 L0 s bou. Ty ;A 0. %01 1 1.8
¢.0lo «90 90 4. 1! 5 1 . ny ? r-8
g, 010 (X1 %00 T 9.8 HEON - LA |
v B S —e —e ﬁ_JL. e e 3 ar
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Experimental Data for Steel Cylinders and Cones under

P

cr

/P,

n
{experimental) l

——

n
(prediccedﬂ

e = 75

o

. 020
. 010
.010
. 010
. 020

30.3 1255
30.3 2318
30.3 2318
0.3 2318
30.3 1159

L

[
0.36
0.36
0. 36
0.3%

=

2. 70
0. 80
0. 80
0. 89
0. 80

S
-
R)

8 incher for cylinders and i0 inches for cones,
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Figure 42. Ex- vrimental Buckle Patterns for Cylinders and Conu
) Under External Uniform Hydrostatic Pressure
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XI. CYLINDERS AND TRUNCATED CONES UNDER AXIAL

COMPFRESSION AND EXTERNAL PRESSURE

The theoretical small-deflection behavior of cylinders under axial
compression and external uniform hydrostatic pressure is diecussed in
References 7 and 9 and is more thoroughly investigated for both cylinders
and cones in Reference 31. The results indicate that the interaction curve
is nearly a straight line for cylinders and becomes more concave down- ’
ward as the taper ratio (1 -R 1/R_,’) increases for conical shells‘. No
experimental data have appeared in the literature to deny o confirm these
results.

The experimental program discussed herein is very limited, com-
prising 10 cylinders, { cones having a 30 degree semivertex angle, and
3 cones having a 60 degree semivertex angle.~ Fhe results far_cylinders
are given in part (a) of Table 17 in several different ways. For the pur-
pose of constructing interaction curves, corresponding values of P/Po
and p/po are tabulated. These are shown in Figure 43. It is apparent
that the soread of the daia v su great that no single interaction curve can
te drawn. The reason for this spread of data is more readily seew irom
the values of P/ZtrEtZ plctted as a function of p/p: in Figure 44. Also
shown is the theoretical interaction curve obtained in Reference 3!. It
can be seen that, for values of external pregsure near the critical value,
the data follow the theoretical interaction curve reasonably well ‘Those
cylinders which yield lower axial buckling coefficiente depart from the
theoretical interaction curve much sooner than do those which yield
higher values of the axial buckling coefficient. Thus the interaction curves
for cyl.nders undoubtedly depend on the radius-thickness ratio of the
cylinder and would require many more tests for their detailed astablish-
ment. However, from the limited data we may conclude that the use of a

straight liue intevaction curve, or the theoretical curve, is conservative

—

——
p/pc could also have been used, but with suinewhat more scatter.

+ -

» -

|
!
|
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and, considering the wiae range of values that might be expected for cylin-

ders having a given radius-thickness ratio, adequate for design.

The behavior of the few cones tested was quite different in that an
unexpected phenomenon was encountered. Although the load carrying
capacity of cylinders always decreased when buckling occurred (with the
buckle mode remaining the same), such is not the caée for conical shells.
It was found that for low values of external pressure, two distinct equili-
brium shapes could be obtained for approxiniately the same axial compres-
sive load. For larger values of the external pressure, the mode associated
with buckling was first obtained as the axial load was increased. When
buckling occurred, the load carrying capacity would drop slightly but then
would continue to incre~se beyond the buckling load until the second mode,
called the collapse mode, was obtained. In addition, the cones continued
to carry suvine luad when the pressure was increased beyond the critical
value for external pressure alone, decreasing finally to zero when the

external pressure that would yield the collapse mode was reached.

Ay illvstration of the buckle and collapse modes of conical ahells for
various external pressures is shown in Figure 45. It is interesting to note

that, except for the case o1 axial compression alone, the huckle maode

shape does not vary much with external pressure and that the collapse mode 2
can be considered to be independent of load. The buckling behavior differs
somewhat from that agsociated with cylinders, {u: which ihe buckled shapes

are illustrated in Figure 46.

The experimental data for the conical siiclls is given in parts (b} and
(c) of Table 17. In addition to parameters involving the buckling load P,
other parameters for the collapse load I-"l are given. The curves for P/Po
and PlPo as a {unction of p/po are ahown in Figure 47 for the 30 degreon
conea anu in Figure 48 for the 60 degree conea. It ran ba seen that the
different physical behavior of conical shells is associated with interaction

curves that differ from those for cvlinders. The buckling data




o
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for the various concs are in fairly good agreement with the theoretically
predicted interaction curves. The collapse data indicates that the pheno-
menon is a function of the semivertex angle since the collapse loads for
the 30 degree cones differ from the buckling loads at pressures greater
than about 60 perzent of the critical value for pressure alone, compared
to pressures greater than about 20 percent of the critical value for pres-
sure alone for the 60 degree cones. The 60 degree cones are also seen
to have collapse load ratios larger than those for 30 degree cones, as

well as a larger collapse pressure ratio.

When the values of P/2nEt’cos®a are plotted as a function of p/p_
(Figure 49) it can be seen that even though the axial load coefficient for
axial load alone is of *he same order as those for the smaller radius-
thickness ratio cylinders, the shapes of the curves are quite different.
The cone data indicates a percentage reduction in the axial load parameter
which is almost independent of the pressure ratio (hence, yielding almost
a ;traight line interaction curve), whereas the cylinder data (Figure 44)
indiciates agreement between theory and experiment for pressure ratios

near unity and an insengitivity to pressure for pressure ratios nzar zero.

It is evident that considerable theoretical and experimsntal work
remains to be done to explain the differences between cone .nd cylinder
behavior under combinea axial compreasion and external presgure. The
limited results do indicate, however, that a straight line interaction curve

18 sAate tor deslgr:. gurpose.
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Table 17. Experimental Data for Mylar Cylinders and Cones under Axiai
Compression and External Uniform Hydrostatic Pressure.

(n:.) (,,i) Pav/t tle,, | P/P »/p,, [ p/2vErd cos® e p/p,
(@) s = 0°
0.010 €90,000 a0 | 30 ! 1000 6.060 ! 0.26% ' 0.000
, | 0.992 0.161 ! 0.267 [ 0.217
! © 0,943 0.323 ., 0.255 | 0.437
: | 0.856 0.484 | 0.231 i 0.655
g 0.769 0.646 0.208 0.875
: 0.610 0.807 0.164 1.092
| 0.396 0.887 0.108 1.202
| 0.107 0.968 - 0.029 1.310
i _0.000 1.000 | 0.000 1.354
0.010 675,000 400 20 ! 0.000 1.000 | 0.000 1.340
i . 1.0060 0.000 ! 0.290 0.000
i T 0.982 0.139 . 0.285 0.136
i i 0.971 0.279 - 0.282 0.372
! « 0.967 0.416 $.281 0.558
! t 0.952 0.554 ' 0.276 0.744
£.849 C.055 | G.z40 0.930
| 0.537 0.834 ° 0.156 1.116
: 0.179 + 0.972 0.052 1.303
i 0.15¢ | 1.110 0.045 1.488
5.005 750,000 8goo ' 2.0 1.000 : 0.000 0.163 0.000
| 0.958 0.169 0.156 0.132
i . 0.942  0.337 0.153 0.265
! ! 0.848 , 0.565 0.137 . 0.398
i 10,791 ' 0.673 0.12¢ 0.529
v 0.644 | 0.720 0.105 0.566
f 0.592 0.773 0.0956 0.609
0.494 0.820 0.080 0.646 .
0.410 . 0.867 0.067 0.582
0.33¢ | 0.913 0.054 0.719
0.258 0.960 | ‘. )42 .756
i 0.000 ! 1.000 i 0.000 0.787
0.005 750,000 800 1.5 [ 1.000 ! 0.000 0.184 0.000
0.989 0.132 0.182 0.142
| 0906 0.264 0.168 0.784 :
! 0.828 0.394 0.153 0. .25
¢ 0.722 . 0.526 ! 0.133 0.566
' 0.547 0.661 | c.101 0.712
! 0.506 0.726 | 0.093 0.783
I 0.453 0.792 0.0B4 C.85¢5
0.387 0.858 | 0.071 0.925
0.320 0.923 ! 0.059 0.92¢
0.253 0.949 0.047 1.023
0.000 1.000 | 0.000 ! 1,078
0.005 +50,000 200 t.0 ! 1,000 0.000 ] 6.156 0.000
© o 0.858 0.166 | 0.133 0.123
i 0,743 0.333 | 0.116 0.246
| 0.634 0.500 | 0.099 0.370
v.49y 0.667 0.078 0.493
0.317 0.833 0.049 c.616
0.254 2.897 0.039 0.663
[ o.222 0.922 0.034 0 682
| . I o0.190 ¢.947 ~ 0.030 0.700
| | N [ 0.690_ :  i.000 j 0.000 0.740
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Table 17. Continued
t E
(ll\) (p“) pav/t I/pav E plpo p/po P/ZwE:z -:o.z a p/pe
(a) a = 0o°
0.005 150,000 500 10 1.000 0,200 0.210 0.200
: 0.872 0.204 0.182 0,237
0.730 0.408 0.153 0.473
i 0.625 04510 0.130 0.7G9
! 0.365 0.814 0.07¢6 0.945
0.200 0.915 0.042 1,062
0.129 0.960 0.027 1.115
0.000 1.000 __0.000 1.161
0.0075 800,000 533 2.0 0.000 1.006 0.000 1.220
1.000 0.000 0.305 0.000
0.993 0.13¢ 0.302 0.161
0.966 | 0.263 0.294 0.321
0.949 . 0.395 0.2R9 0.482
0.906 ! 0.526 0.276 0.643
pRIS ' 0.659 0.248 0.803
0.535 i 0.790 0.163 0.904
0.343 0.922 0.105 1.125
0.0073 800,000 533 2.0 1.000 0.000 0.253 0.000
0.000 1.000 0.000 1.253
0.939y 0.129 0.238 .16
0.850 0.257 0.215 0.3214
0.757 0.384 0.192 0.482
0.737 - 0.513 0.187 0.643
0.716 0.643 0.1814 0.803
0.534 0.770 0.135 0.964
0.270 0.898 0.069 - 1,125
0.210 1.025 0.053 1.285
0.508C 712,000 500 2.0 0.000 1.000 0.000 1.232
1.000 0.000 0.289 0.000
0.963 0.125 0.278 G.154
0.909 0.250 0,26, 0.308
0.888 0.375 0.257 0.462
0.874 0.500 0.253 0.0616
0.819 0.626 0.237 0.771
0.742 0.750 0.215 0.924
0.375 0.875 0.108 1.078
0.182 1.000 0.053 1.232
0.008 762,000 500 2.0 0.000 1.000 0.000 1,094
1.000 0.009 0.315 0.000
0.988 0.131 0.311 0.144
0.959 0.263 0,302 0.288
0.937 0.394 0.265 0.432
0.880 0.527 0.277 0.576
0.622 0.659 0.196 G720
L 0.261 0.923 0.082 1.008
: 0.141 1.051 0.044 1.151
! 0.111 1.185 0.0349 1.295
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!
Table 17. Continued
“;J "E” Paylt l/?.v P/Po PP P/Po Pl2wEr? coll alP lllElz co.z a »/p,
®)a = 30°

0.008t 682.000 538 1.16 1.000 1.000 0.000 0.284 0.284 L 0,003
0.000 - 1.000 0.000 - o 1.18%
0.879 0.879 0.148 0.250 0.250 0.475
0.758 v.758 0.296 0.216 0.216 0.351
0.637 0.637 0.407 0.181 0.181 0.483
0.5¢7 0.517 0.555 0.147 0.147 0.658
0.396 0.396 0.667 0.113 6.113 © 0,790
0.275 0.304 0.778 0.078 0.086 i 0.922
0.154 0.289 0.889 0.044 0,082 1.053
0.082 0.284 0.925 0.023 0.081 to1.097
- 0.231 1111 - 6.066 L8317
-- 0.149 1.296 0.042 C1.536
- 088, | 1.482 .~ 0.031 [ 1.7%
0.0082 650,000 493 1.49 1.000 1.000 0.000 0.291 0.23: | 0.000
0.000 o 1.000 0,000 - . 1.063
0.879 0.879 0.227 0.256 0.256 i 0.241
0.758 0,758 0.454 8221 0.221 i 0.241
0.637 0.637 0.591 0.186 0.186 ! 0.628
0.516 0.516 0.727 0.151 0.151 i 0773
0.396 0.396 0.841 0.115 0.115 | 0.894
0.27% 0.314 0.909 0.080 0.091 ] 0.966
0.154 0.279 0.954 0.045 0.082 1 1015

0251 1,990 .- 0.073 1.063 °
. 0.181 1.136 .- 0.052 1.208
.- 0.10t 1.364 .- 0.029 1.450
- 0.079 1.591 . 0.023 | 1691
£.0082 682,000 493 1.49 1.000 1.000 0.000 0.332 0.332 0.20y
5800 - 1.802 2.84¢ - 1.138
9.679 0.879 0.058 0.291 0.291 0.066
0.75?7 0.757 0.231 0.254 0,251 . 0.263
0.636 0.636 0.423 0.211 0.211 0.481
G.514 0.514 0.61¢ 0.170 0.170 j 0.701
0.393 0.393 0.731 0.130 0.130 ' 0.832
c.271 0.271 0.807 0.090 0.090 !t 0.919
0.149 0.190 0.922 0.049 0.063 i 1.080
0.109 0.190 0.922 9.036 0.063 1 1.080
0.068 0.194 0.922 0.023 % 64 i 1.050
- 0.198 0.922 . v.066 | 1.050
- 0.154 1.153 . 0,084 I TE
- 0.089 1.38% - 0.029 i 1576
¢.0101 700,060 372 1.87 1.000 1.000 0.000 0.254 0.254 0.000
0.000 - £.000 0.000 - 1.113
0.871 0.871 0.188 0.224 0.221 0.20:

0.769 0.769 u.255 0.196 0.196 0.2%

0.668 0.668 0.309 ¢.170 0.170 0.334
0.543 0.543 0.525 0.138 0.138 0.584
0.440 0.468 0.600 0.112 0.119 0.668
0.363 0.403 0.628 0.092 0.103 0.765%
0.261 0.371 0.775 0.066 0.094 0.553
0.15% 0.329 0.85%0 0.040 0.654 0.946
0.091 0.312 0.888 0.023 0.079 0.988
0.957 0.234 0.913 0.014 0.05¢ 1.016
- 0.478 0.975 - 0.044 1.088
. 0.186 1.128 - ¢.047 1.28)
-- 0.174 1.250 - 0.043 1 391
- e -2 4 1,378 - 0.031 1.531
- 0.083 1.500 - 0.021 1.670
. 0.064 1.628 -~ 0.016 1.809
- 0.000 1,750 . 0.000 1.948
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Table 17. Concluded
“;_) ‘,E” Pay/t e, PIP° P'IPO p/p, P/2eEt? cosl o | Pr2wEt? cos? a 5P,
(ha = 30°
0.0100 700,000 378 1.87 1.000 l 1.000 0,009 0.230 0.230 0.000
0.000 ! . 1.000 0.000 .- 1041
0.899 0.899 | 0,128 0.207 0 207 0.143
0.792 0.792 0.250 v.182 0.182 0.285
0.665 c.665 0.500 0.153 0.153 0.570
0.538 0.535 0.600 0.123 0.123 0.684
0.397 0.397 0.750 0.091 0.091 0.886
0 k4 n.294 0.875 0.061 0.068 0.999
0.099 0.244 0.938 0.023 0.056 t.070
- 0.212 1.000 - 0.048 1,141
. 0.191 1.128 - 0.044 1.204
- 0.160 1.250 .- 0.037 1.426
- 0.149 1.378 - 0.039 1.569
- 0.114 1.500 —- 0.0z6 1,741
-- 0.000 1,628 .- 0.000 1.854
0.0104 £71,000 389 1.49 1.000 1.000 0.000 0,280 0.280 €. 000
0.000 .- 1,090 0.000 L . 1.132
0.866 0.866 0.184 0.243 £.243 0,208
0.745 0.745 0.395 0.209 0.209 0.447
0.624¢ 0.624 0.579 0.475 0.475 0.655
0.504 0,504 6.711 0,141 0.14¢ 0.805
0.383 0.383 0.841 0.107 0.107 0.903
0.262 0.280 0.921 0.073 9.079 1.042
C.iee 9.274 0.948 0.040 0.077 1.om1
0.081 0.268 0.974 0.019 0.075 1.108
-- 0.256 1.000 - 0.072 1.132
- 0.238 1.053 - 0.066 1.193
.- 0.178 1.184 - £.050 1,343
. -- 0.142 1.316 - 0.240 1.490
: - 0.108 t 448 - 0.030 1.640
i .- 0.057 1.579 - 0.014 1.788
{c)a = 60"
-
c.007S 176,000 867 0.62 1,000 1.000 0.000 0.283 0.283
0.000 .- 1.000 0.000 .
0.639 0.804 0.214 0.181 0.228
0.600 0.701 0.430 0.170 0.199
0.402 0.613 0.715 0.114 0.174
-- 0.552 1.073 .- 0.156
- 0.459 1.420 - 0130
-- 0.356 1.788 | - 0.101
.- 2.270 LXPH n.ner
- 0.000 2500 -- 0.000
0.007% 778,000 800 0.77 1.000 1.000 0.000 0.253 0.253
0.006 - 1.000 0.000 -
0.783 0.783 0.214 0.198 0.198
0.532 0.70¢ 0.430 0.138 0.177
0.366 0.566 0.644 0.093 0.143
. 0.299 .. 0.449 _1 .0.857 | c.076 0.114
-- 0.341 1.232 - 0.086
- 0.257 1.430 -- 0.065
- 0.232 1.739 - 0.050
| . 0.131 2.145 - 0.035
5.015¢ 700,000 450 0.62 | 1.000 0.000 0,308
; - 1.000 -
. - g s 0.847 0.168 . 0.261
- i ~o0.708 ! ©.134 o.21¢ i
' 0.599 v.502 9,185
0.3522 0.569 0.188
.0.504 0.752 0.156
0.403 0.836 0.143
0 410 0.856 0.126
0.383 1.003 0.118
0.351 1.086 0.108
0.307 1,176 0.09¢
0.28¢ 1.253 0.089
n 230 1.312 0.074
0.189 1.504 0.0%0
0.189 1,678 ! e.222 H
i 0,162 1795 | 1 0.050 |
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THEORETICAL INTERACTION
CURVE (REF 31)

Figure 44. Variation of Axial Compression Coefficient with Fxternal
Pressure Ratios
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a. Buckling and

Collapse
p =.0psi
P=12201b

b. Buckling
p- 1.2psi
P 8001b

c. Collapee

p= i2pei
P = 800 1b

Figure 45. Variation of Buckle and Collapes Fatterus for s Coalnal
Shell with Differeat Combivationr of Axial Compressica
and Exterra! Pressure.
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d. Buckling
p= L.8psi
P= 4001b

{. Buckling

p* 2.0psai
P= 20010

Flgure 45. Continued
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g.. Coilapse
p= 2.0psi
Ps=s 2551b

h. Buckling
pr= 2. 3psi
Pw 0.0?‘:

Collapse

Biooh

Figore 45. Comcluded
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!

(c) -p?- + 0.54, -52- = 0.4
[ -] (-]

Figure 46. Variation of Buckle Pattern for Cylindars with Differeat
Combinations of Axial Compresaion and External Pressure

1y
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Figure ¢6. Concluded
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XIl. CYLINDERS AND TRUNCATED CONES IN TORSION

The stability of cylindrical shells under torsion has been
comprehensively reviewed in References 55 and 56, which summarise the
voluminous literature on this problem. In essence, experimental results
are, on the average, about 16 percent below those predicted by the small-
deflection theory for simply supported cylinders, while individual tests
are as much as 40 percent below. Large-deliection theory indicates that
initial imperfections should have some effect, although not nearly so much
as for axial compression; but no attempts appear to have besn madse to
correlats the data with radius-thickness ratio and length-radius ratio.
For moderate length cylinders, critical t>reion loads are given approxi-
mately by the equation

2
Lerrod @ 24 @1)
It is generally recommendad that desigh values be taken as about 75 per-

cent of *he values given by Equation (21).

Truncated conical shells under torsion have only receatly been
treated, a8 in Reference 57. The analysis presented therein indicates that
the critical torsion load 18 very closely equal to that for =1 equivalent
cylinder having the same wall thickness, a length equal to the axiai length
of the conical frustum, and a radius given by the relation

. {ln-‘ HR‘] ' ¥ (nll s R, cos @2)
p = !( l-l—,J '{I r‘—' [ o8 @ .

Thus Equation (22) may be uaed for moderate length cones, provided that
R is replaced by p' jn the paramaeter Z and wherever else it explicity
appears.

Mz spirirental dats have been aveilable for the verification of the
theoxry in Reference 57, other than the fow, somewhat (nconciueive tosts
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reported in Reference 58. Therefore, exploratory tests with steel
cylinders and cones were made to provide some preliminary data for the
assessment of the theory. The material used for the specimens was 0.010
inch thick 1020 steel and 0.020 inch thick 4130 steel with a compressive
vield stress of 39,000 pai and 77, 000 psi respectively, and an average
Young's modulus of 30, 000, 000 pai.

Experimental critical shear atresses are given in Table 18 and are
there compared with analytical predictions. These were obtained from
the torque by the relation

T

T = (23)
max 5 o lz‘ .

For the conical shell:, this gives the maximum shear strese which occurs
at the smallest ~ross-section. The analytical predictions were obtaiued
from Equations (21), (22), and (23). The results for the cylindrical shelle
are similar to those obtained by other investigators. The results for the
conical shelle are in about as |o<'>d agreement with conical shell theory as
those [o:r the cylindere are with cylindrical shell theory. We may there-
fore conclude that the theury of Reference 57 is adequate for the deaign
of conicai shells, proviied that the theoretical results are reduced by the
{actor used for the design of cylindrical shells. -

An additional factor of some interest is the buckled shape of
cylinders and cones in torsion. ‘In Table 18, the obeerved number of cir
cumfcrential buckles is compared with the aumbers predicted by inte: pola-
tion and extrapolation of the results of Reference 37. The obesrved
number of buckles appears to he always less than the predicted aumber,
but the agreemant is fairly good. The experimental buckie patteras acs
{llustrated ia Figure 50. It ia interesting to note that while the buckloes
occur over the entire length of the cylinders, they appear to concentrate
near the smail radius of the cones as the cons leagth increases, slthough
the derived critical toreion load depends on the length of the specimen.
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(8) R = 2in a = 60° o) R, - Sin

Figure 30. Buckie Patterns for Thla Cylindrical and Coatcal Shells
ia Tereien
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Xill. SUMMARY AND RECOMMENDATIONS

As a result of this program, a number uf concepts coacerning
cylindrical and conical shell buckling have been clarified and some new
problems . equiring {urthcr inveztigaiion have been uncovered. As in
many complex problems, a satisfactory solution depends upon a close
ass-Jciation of careful experimentation and sound thecreticai studies.
Theory is useful in establishing the significant parameters and experi-
ment is required to check the accuracy of the theoretical approach and
to point out phenomena which have either been ignored or not sufficiently
well considered in the analytical approach. The nature of the shell
buckling problemn seems to be such that while the theory correctly pre-
dicts the important parameters involved, design buckling loads must be
found by experimental methods since the current theories cre not suffi.
cient to determine exact numerical values of the parameric coefficients.

{n the subsections which follow, the state of knowledge concera-
lag each losding condition i3 summarised with tha nhiact of poiating out
what is kaown and where there are areas requiring vdditional theoretical

ard experimental studies.

A. Axisl Compression

Although thc monocoque circular cylinder under a uaifcrm
axialload is one of the simplest of shell configurations, -ad is one which
bas been studicd by many investigatore, a completely satisfactory selwt-
fon to the problerr s not yet available. R has beor found that many
factore combine to datermine the buckling load of & particular cylie ter.
Taase include the care in fabrication, the patience snd experisace of the
investigater, end coanditions of the teyt spximen, initial delermatives,
plastic strain nuclei, etc. Fortumately. it appears st thers sxiets %
tairly definite lowsr bound 1o the buckling stress {vr cylindezrs which
Yckie at otresees in the slastic regior. This lower bound can therefore
be used lor doeign parpecss with o reascanhie assureace that the
structure will be safe. A discriminsting comparisen of avelladle data
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indicates that the lower bound for the variation of the buckling load with
the radius-thickness ratio of the circular cylinder is reisonably well
described by the relation

P o))"
2nEt” ’
for R/t greater than 500 and for L/R's less than approximately 5 bat

greater than 0.5. A relation that yields a better representation of the

lower bound Curve for the cntire range of test duta,

(c4)

100 < 3< 4000, (25)
has been found to be given by

. / 1. /R
P 0,606 -0.546 (1.9 OVE | (26)
2vEt I
The effect of the cylinder leugth is only vaguely known at the preseat time,
since the number of tewts investigating this factor are very few in number.
The correction suggested by Karamitsu and Nojima in Reference 15, on the
basis of their tests, consists of the addition of the term

103
0.16 (E) 27
to kquation (24). There (s some data, howaver, that tend to indicate that

H

_exparimental results for cylinders with values of L/R greater than 5

would yield results less than those given by Equations (24) .2 (26), whereas
the combination of Equations (24) and (27) would not predict any such
offect. It would also be of interest to know whether the observed increase
in huckling load for low values of L/R bear any consistent relation to .he
increased theoretical buchling load for short clamped cylinders.

Fordesign purposes, then, the situation is as follows. Thereaspeace
to he no real reason to radically depart fram pastdeaign methods provided that
the range of cylinder parameters does not exceed those tested. Thebasic
Kanzmiteu-Nejima formula, giving the rading-thacznsss retio effect, might
be replaced by Dauation (-6), which would extend the lower limit of
svplicability of thess deeizn methods.
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In order to answer some of the questions raised, it may be necessary to
undertake an extensive experimen‘al program, under relatively constant
conditionu, to determine & statistical design criterion which better
describes the effects of radius-thickness ratio and length-radius ratio.

This program should involve many identical specimens to give a reason-
able statistical sample for each combination of values of L/R and R/t.
Care should also be taken to eliminate the possibilities of yielding at the
cylinder ends or overall plastic buckling and.ths separate determinations
of these effects made with many different inaterials. Future theoretical
work snould include a better large-defection analysis, including the effects

oi [inite length, end couditions, and plasticity.

For conical sheile in axial compreuio;: the same arguments
apply. The data of the present report indicate that for desiyn purpose it
is adequate to modify £quations (24) or (26), and (27) in accordance with
the theoretical rasult of Roference 24, and, by use of the amall radius of
curvature and the slant length of the cone in place of the cylinder radiue
and leagth, to obtain

)

P 1 L/
g . 0.3
2wiit cos e 0.606 - 0.546 (x ce B T) +0. “}

Tha loads calculated by this formula beaz about the same relation to
experimental 1oade for cones s for cylinders. It would ha advieable
however to investigate the effects of the various geometric parameters in
much more detail, in order to determine differences in behavior nat
brought out by the presant set of expariments. In this respect it woulu be
of grest interest to have large-deflection studies of the post-buckling
bebavior, including initial tm;erfections, to guide the axperimentas if any
great difference in behavior actually exiets.




STL/TR-60-0000-19425
Page 187

B. Axial Compression and Internal Pressure

The results of the present program qualitatively verify the be-
havior of elastic, pressurized cylinders under axial compression predicted
in References 19 and 22, in that the load carried by the cylinder in addition
to that carried by internal pressure increases to the valus given by emall-
defloction theory for unpressurised cylinders. The variation of the nat
load with internal pressure has been found to depend on the radius-thickness
ratic of the cylinder, aand curves suitable for design have been obtained.

_ Thé-predictcd load-pressure variation of Reference 19, hased
* on a transfer of energy concept due to Teien and calculated for an _hxttniuly
rigid testing ﬁuchhn. overestimates the offect of pressure. It is interest-
\ ing to note {hat the results of most of the in .vigators, obtained from
specimens of different materials and with disferent testing machines, are
similar. The resulte s..ow that the conclusion reached in Reference i9
and perpetuated in References 20 and 2! (that the buckling stress of a
pressurised cylinder is egual to the aum of the buckling 1vad of the ua-
pressurised eylinder and an incremazt dus solely % pressure) is colacidental
“and thet this qencept should be abandoned.

_ Tor sufficiently high pressures the behavior of the cylinders
prior to buckling e in good quantitative agrscmaent with caleulatians dased
on linearined axisymmaetric large-deflection theory (the beam-column on

N an slastic foundation), although some unsxplained anorasliss have beea

| found for the thicher cylinders tested. At some critical value of straia,
depondont on the pressure and the radius-thickness ratio, the cylinder
suape iate & diamend-shaped buckie mode and the load decrenses. Msssured .
1oad deflection curves shew that the presently accopted selution of the largd¥-
deflestion equations for diamond-shaped deformations ie {naccursts.

Whsther this {s due to limitations of the equations or % limitations of tuelr

sslutien 1s snoertain. It {s aleo uncertain whether or not it would be

29002047y 18 oolve the large-doflection squations for o fimite cylinder w

obtaia good agreemeat between theory sad experimaent.
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Experimental buckling loads for conical shells arc in relativeiy
good agreement with those based on small-deflection theory for sufficiently
high pressures but indicate that the end support condition may be more
important than for cylinders. Insuficient data is aveilable to enable design
curves to be recommended for the region of low pressure parameter.

One problem for future experimental investigations is the effect
of length on the results for cylinders (all results were obtaind for cylin-
ders having a constant length and radius). Much additional data is needed
for cones for varying values of small radius-thickness ratio, semivertex
angle, and length. Finally, the effects of plasticity need to be explored
since this factor places limits on the applicability-of the present results

to mutal structures. e

C. Bending, Axicl Load, and Internal Pressure

The investigation of the stability of cylinders and cones under
bending, with or without additional loads, has raised some rather pussling
ques ‘ons and leado to the conclusion that this is an area not well under-
stood at the present time.

It ha- been found that a good representation rf the lower bound
of most . xperimental data for pure bending of cylinder and cones can be
representad by an equation similar to Equation /*4), neglicting length
offecic, as

w.d \
( X
= 0.606 - 0,443 |\l -0 :

M
-ml Rl co:‘ a

This gives results quite different ‘rom those obtained by multiplying the
cosffi..ient. for axial compression by a zunstant factor (such s 1.3, com.
monly used) for waich there is no actual Justification. Tle Tuct that the
lower bound fur ber ding is higher than that fer axial cumr .ieseion casts
doubt on the common assumpiion that post-buckling e r:.teristice for
banding are tae same ae those for axial cumpressiea. The question
involved is this: eves is a preferred buckling lecation will, on the average.
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yield higher buckling stress coefficients, why are not some of the test
results for bending as low as those for axiai compression? The answer to
this question might be related to the longitudia.  :e~:n lorstiuu. It would
be interesting to know if similar results wouid bz obtained if the seam
were arbiirarily located, rather than at the neutral axis of the cylinder.
Additional indications that further investigation into the behavior of cylin-
ders or cones in bending is necessary are that the effects of pressure for
the two cases are different, and that tension and bending produce unex-
pected phenomena. The addition of pressure, with the axial pressure
stress component counterbalanced by axial tompression, raises the maxi- -
mum compressive stress at collapse to values which are above those pre- -
dicted by small-deflection theory a..d which increase linearly with pres-
sure. The load-deformation curve, however, always exhibits a behavior
characteristic of the ana.p-through type of buckling: rising to a sharp peak
and decreasing sudde:ly, If, now, the axial compression is removed, the
nominal maxithum compressive stre~s for the same pressure is consider-
ably larger thar that for lateral pressure alone, and the load-deformation
curve becomes more gently curved as for axial compression and internal
pressure. However, for large values of the internal pressure, the load-
deform:itiop curve continues to rise indefinitely and exhibits no collapse
moment. 2 similar result is obtiined for unpressurized cylinders when

. tonsion is ap;lied ss well as bending moment.

A e .eible explanition of this phenomenon is t'. .t lerge defor-
mations in the compressic.a region of the cylinder or cua. causea
redistribution of stress a.nd a shift of the neutral axis toward the tension
side of the shell. The tensile load would then produce an opposing n.oment
which would increase with incressing deformation of the shell to produce
the rising load-deformation curve obtained experimentally. It is evident,
however, that large-deflection studies are necessary to clarify the siiva-
tior and to determine whether we can sven define a collapse load [or these
loading conditions. On the other hand, small-deflection theory does appear
to satisfactorily predict the moment required for the onset of large
deformations.
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~D. External Pressure and Axial Compression

For externa! pressure alone the experimental results indicate
that for conservative design the critical pregsu-e for cylinders and cones
should be taken as

P 0.74E

L t.t_’""'! ’
Dﬂv '

(30)

which is about 80 percent of the theor=stical value for cylinders and from
66 to B0 percent of the theoretical value for cones. An average value for J
the test data is obtained by increasing the factor of 0. 74 in Equation ;.
to a value of 0.92. Future study in areas of interest indicated by these
results call {or a complete explanation of the rather wide scatter band and
the discrepancy bet.-een theory and experiment that ia larger for conical
shells than fur cylinders.

I Interaction curves between external pressure and axial compres-
tion indicate that for cylinders the results depend on the radius-thickness
ratio and poseibly the length-radius ratio. A straight line interaction
curve .8 conservative. For conical shells we have the unexplained
phenomenon of a differer.tiation between buckling and collapse loads. The
buckling interaction curves sppear to follow an almost straight lice, indi-
cating an unexpected uniforr. percentage decrease in the 1xial compressive
load from the theoretical value, while the coilapee interaetion curve
appears to depend on the semivertex angle of the cons. Additional tests
and theoretical investigations are needed for a definitive descriptic of
these phenomena.

E. Torsion

Tests on torsion indicate that the agreement butwaeen theory
and experiment for conical shells is about the same as that for cylinders,
It is recommended that design torques fo. cones and cylinders be taken as
about 75 pﬁcont of the theorstical value
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x) 2 V2 ,13/4
T = 170" p ({-) [(x R Tl (31)

L
*
pt

where L is the height of the conical frustum and

1/2 -1/
Yo |l 1+RZ / 11+R2 4R 32)
p = .z-( 1—1) - ; jlcoso. .(
L
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